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ABSTRACT

Research focused on (1) the development of a new model on fan
atomization, (2) the design and development of a variable-flow fan nozzle
(VFFN) for on-the-go control of precision chemical application, and (3) the
development of a phase-partition air sampler (PPAS) to evaluate spray drift
from the VFFN. Relationships of spray angle, spray thickness, droplet size,
and the spray velocity to the nozzle geometry were analytically explained by
the new model. Three VFFN prototypes with spray angles of 50, 70 and 90
degrees and one PPAS prototype were designed and successfully tested.

A new model on fan atomization was based on geometric wave theory for
compressible liquid impact (Lesser, 1981). The new model was different from
the current models which were based on incompressible liquid impact theory.
The current models explained that fan atomization was the disintegration of
spray sheets into drops by wave formation. The new model explained fan
atomization from impact of two oblique jets due to continuous jetting from the
compressing of liquid. Jetting was created when spray droplets were spalled
from the compressed liquid. The new model predicted that as the angle
between the two oblique jets increased, spray angle increased, spray thickness
decreased, spray velocity decreased, and droplet size decreased.

iv

The key component of the VFFN was a special variable orifice that
performed two main functions: (1) metering the fluid and (2) forming a fan
spray. The flow rate of the VFFN was controlled through regulation of the
liquid line pressure at a fixed liquid control pressure. The flow increased
linearly with liquid line pressure at a fixed liquid control pressure. The droplet
size spectrum emitted from the VFFN was primarily varied through regulation of
the liquid control pressure. Experimental results for current nozzle dimensions
indicated that a 13.3:1 flow turndown ratio was achieved at a fixed liquid control
pressure. By adjusting liquid control pressure from 414 to 138 kPa, the D0 .1 ,

Dv0.s, and Dv0.e was controlled from 58 to 190 µm, 141 to 522 µm, and 300 to
850 µm, respectively. Independent control of liquid flow rate and drop size
spectrum was achieved by separately varying liquid line pressure and liquid
control pressure.

The spray angle of a VFFN, at a liquid line pressure of 276 kPa and a
flow rate of 1.514 Umin, equaled the taper angle of the nozzle sleeve. For the
taper angle of 90 degrees, the spray angle decreased from 90 to 65 degrees as
flow rate decreased from 1.514 to 0.227 Umin, and increased from 90 to 100
degrees as flow rate increased from 1.514 to 3.028 Umin. Spray distribution
from the VFFN was nearly uniform along the pattern width and tapered at the
outer pattern edges. The pattern width decreased by 36 percent as the flow
rate decreased from 0.227 to 3.028 Umin.

V

The PPAS consisted of (1) an impactor to remove coarse drops (Dd>50
µm) from the air sample, (2) a filter to collect fine drops and vapors, and (3) a
polyurethane foam plug (PUF) to collect vapors pulled through the filter. An
experimental study was carried out to assess spray drift from the VFFN, using
the PPAS. It was found that under conditions with a wind speed of 3.5 m/s, the
PPAS collected drops with size of 50 µm and larger from the VFFN spray more
than those from the standard fan nozzle (P<0.001 ). Thus, drift from the VFFN
spray may be less than that from the standard fan nozzle at the same flow rate
and line pressure of 207 kPa.

vi
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Chapter 1

INTRODUCTION

1.1 BACKGROUND AND RELEVANCE
Pest control costs for U.S. field crops is significant. The USDA
Economic Research Service (1990) estimated that 213 million kilograms of
pesticides would be used during 1990 and this number was about 2 percent
higher than that in 1989, and herbicide and insecticide prices were about
3percent higher than that in 1989. Rather than applying uniform rates of
pesticides to non-uniform, spatially distributed pests in the field, variable
pesticide application may be a feasible solution to reduce pest control cost and
environmental impact through controlled pesticide application to only those
areas in the field that require it.
In the sample of conventional sprayer users, surveyed by Rider and
Dickey (1982), only one fourth of 152 private and commercial pesticide
applicators were applying pesticides with error within 5 percent of the intended
application rate, as recommended by The Guide for Commercial Applicator
(USEPA and USDA, 1975). Liquid pesticide application errors can result from
(1} incorrect calibration, (2) incorrect mixing ratio of the pesticide with water, or
1

(3) inaccurate travel speed. As observed by Hofman and Haulk (1983),
inaccurate travel speed accounted for 32 percent of the application errors.
Numerous studies on the control of the chemical application rate in response to
changes in operating speed has been made (Gebhardt et al., 1974; Vidrine,
1975; Reichard et al., 1982; Han et al., 1986; Chi et al., 1987; Rockwell and
Ayers, 1993), but no single system has been widely used.
Spatial Variable Technology

In recent years, the introduction of spatially-variable farming has led to a
re-thinking of crop production techniques. The application rate of fertilizers
and agricultural chemicals are spatially varied according to the particular
requirements of locations within a field, instead of considering the field as a
single unit. Proper application rates may vary according to potential yield, soil
type, soil nutrients, soil moisture, organic matter content, weeds, diseases, and
field topography (Fisher et al., 1993). Based on field data for moisture,
nitrogen, and weeds, all collected at 1-meter intervals, Chancellor (1993)
reported that at intermediate levels of input use on irrigated wheat, input
efficiency increases were 2, 12, and 40 percent for simulations of spatiallymodulated applications of water, nitrogen, and herbicide, respectively.
Inappropriate fertilizer applications result in environmental problems when
excessive nitrates are leached into ground water reserves, creating hazards for
human health or non-uniform crop yield due to a lack of proper localized control
of fertilizer application (Adsett and Zoer, 1991 ).
2

Unlike liquid fertilizer application, the spatially variable application of
pesticides requires not only accurately controlling the application rate but also
maintaining the desired spray distribution patterns over ranges of flow rate
control. Solie et al. (1987) examined spray patterns, analyzed variance of
mean fluorescence deposition data, and noted that direction of operation (into
or with wind), crosswind (upwind or downwind side), location on the boom
(center or wing section), and application rate interacted to affect the amount of
material deposited across the swath. Bode et al. (1968) noted that atomization
is ideally achieved by producing an atomized spray consisting of nearly uniform
droplets large enough to minimize drifting but small enough to provide
adequate coverage. Previous investigations (Sanderson et al., 1993) have
selected 105 µm as a reasonable, ideal size. Zhu et al. (1994) reported that
droplets larger than 200 µm diameter may be needed to satisfactorily reduce
drift, based on the computer simulation of mean drift distances of water
droplets versus droplet size (10 to 2000 µm), wind velocity (0.5 to 10.0 m/s),
initial droplet velocity (0 to 50 m/s), discharge height (0.25 to 4.0 m},
temperature (10 to 30 degrees C), relative humidity (10 to 100 percent), and air
turbulence. There has been considerable research on spray drift, but on-the-go
control of droplet size for drift management is not a widely-used feature on
most applicators.

A lack of a reliable on-the-go control for chemical application rate has
been a major limitation in making variable-rate chemical application. Variable

3

application is possible by accurately varying (1) the chemical concentration,
which is referred to as a variable concentration method, or (2) the total nozzle
output, which is referred to as a variable flow method.

Variable Concentration Method

The variable concentration method or direct injection technique involves
chemical injection, metered at the proper rate, directly into the carrier stream.
The pressure in the injection-type boom can be constant so that the spray
distribution pattern is not affected. Several researchers have experimentally
investigated direct injection systems using metering pumps to provide variable
chemical flow rates (Vidrin, 1975; Reichard et al., 1982; Reichard and Ladd,
1983; Gerhardt et al., 1984; Chi et al., 1987; Ollila, 1990; Tompkins et al., 1990;
Miller and Smith, 1992). The main problem with this method includes (1)
uniformity of chemical among nozzles and (2) transient time, which has been
defined as the period from the instant of injection to the instant that chemical
application rate reaches 95 percent of the equilibrium rate (Peck and Roth,
1975). Tompkins et al. (1990) noted that (1) the transient period could be
effectively eliminated by injecting the chemical concentrate directly into the
individual nozzles, and (2) reducing transient time may result in an increase in
variation of chemical concentration from nozzle to nozzle across the boom.
Miller and Smith (1992) used a variable differential pressure across the
metering orifices at individual nozzles to vary spray nozzle discharge
concentration and reported that (1) the coefficient of variation in concentration
4

among nozzles and across the nozzle discharge pattern were 3.4 and 2.9
percent, respectively, and (2) small orifice-to-orifice differences created
unacceptable variations in flow. Thus, an accurate, variable chemical flow rate
controller at individual nozzles may be an important factor for the success of
the variable concentration method.
Variable Flow Method

The variable flow method involves controlling the total nozzle output.
Varying the nozzle output is traditionally achieved by altering the inlet pressure
at the nozzle. Major drawbacks to this approach are that (1) the pressure
must be increased by a factor of four to double the spray rate, and (2) large
changes in inlet pressure will alter the discharge pattern and drop size
characteristics of the spray. If the pressure is too low, an uneven spray
distribution results. On the other hand, if the pressure is too high, spray drift
and accelerated nozzle wear could occur. Bode et al. (1968) reported that the
operation of fan-type nozzles at a pressure of 40 psi resulted in much better
spray patterns than operating at 25 or 30 psi. It should be noted that the newer
pre-orifice and other designs are specifically developed to operate at lower
pressures.

The right-angle, hollow cone, by-pass nozzle, which was initially
developed by Peabody (1920) for atomization of industrial fuel, was
investigated for an agricultural sprayer by Bode et al. (1979). Flow rate from
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each nozzle was changed through by-passing a portion of the liquid in the swirl
chamber. The by-pass lines of each nozzle were connected to a common bypass line. The total nozzle output was controlled by regulating the pressure of
the by-pass line with a pressure relief valve (Bode et al, 1979; Ahmad et al.,
1980; Han et al. 1986; Denning, 1988). Han et al. (1986) noted that (1) the
common by-pass system with a pressure relief valve controlled by a step motor
would respond faster at higher nozzle flow rates and it would require more time
at lower nozzle flow rates, and (2) system hysteresis between the valve
opening and closing process was due to the friction in the pressure relief valve.
Denning (1988) reported that the volume median diameter of the spray
produced by the by-pass nozzle decreased from 398 to 125 µm as flow rate
increased from 1.2 to 3.7 Umin. Thus, the by-pass nozzle system has not
been not widely adopted.
An intermittent flow control method, which has been widely used in
engine fuel injection systems, has been investigated for agricultural sprayers by
Giles and Comico (1990). Each spray nozzle tip was coupled to a direct-acting
electrical solenoid valve that was operated at high frequencies. Flow rate
through the nozzle was determined by the ratio of time in which the valve was
cycled open. The operation of the solenoid valve was monitored by a
microprocessor via a solid-state relay. Giles and Camino reported that (1) as
the flow rate of liquid through agricultural nozzles was controlled over a
tumdown ratio of 3:1, the droplet volume median diameter for the flat-fan,
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hollow-cone, and solid-cone nozzle changed from 363 to 393 µm, 281 to 276
µm, and 356 to 460 µm, respectively, and (2) the spray deposition was
concentrated in the region underneath the nozzle and reduced in the outer
regions of patterns from flat-fan, hollow-cone, and solid-cone nozzles as the
flow rate was reduced. Compared to by-pass nozzles and the pressure
variation method for flow control in terms of droplet size and pattern distortion,
the intermittent flow control method exhibited a potential for agricultural
applications. This system was marketed by Capstan Ag System, licensed from
University of California Davis. However, the complexity and expense of the
system may hinder wide spread adoption.

Variable Spray Control System
The application rate could be (1) manually controlled according to
variations in chemical or fertilizer needs across the field based on flags at
individual areas (Reicheberger, 1992), (2) automatically adjusted via sensors,
or (3) automatically regulated according to a digitized field map coupled with a
Global Positioning System (G.P.S.) (Robert et al., 1991; He et al., 1992; Fisher
et al. 1993; Neuhaus and Searcy, 1993; Shropshire et al., 1993). The nozzle
flow rate can be regulated by (1) a common controller as in pressure-based
variable rate system and by-pass nozzle systems or (2) separate controller as
in the intermittent flow control method.
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The common controller system involves using (1) metering pumps
(Reichard and Ladd, 1983; Gerhardt et al., 1984; Chi et al., 1987; Ollila, 1990;
Tompkins et al., 1990; Miller and Smith, 1992) or (2) boom pressure regulation
(Rockwell and Ayers, 1993) to provide variable outputs for the boom. This
central control system is simple; however, the performance of individual
nozzles significantly affect the total output. For example, in the by-pass nozzle
system, if one of the nozzles is plugged, the by-pass pressure would increase,
and the system would overestimate the nozzle flow rate, resulting in
underapplication (Han, 1986).

The separate controller system involves using a separate controller for
each nozzle. The advantages of the separate controller system are that (1) the
individual nozzles are regulated independently and (2) the performance of each
nozzle does not affect the others. However, this system is complicated and
expensive.
Any method of controlling the application rate should be coupled to a
control system. Requirements of a spray control system include: (1) the control
system must be stable with steady-state oscillation of less than 5 percent of the
desired flow rate, (2) maximum overshoot of the system should be less than 10
percent, (3) the spraying rate should reach 90 percent of the desired flow rate
within the time to travel the distance between on-board sensors and the spray
boom, and (4) the control system should recognize abnormal operating
parameters and give appropriate warning signals and actions (Han et al.,
8

1986). The dynamic response of a digital control system was primarily
determined by a digital controller and the particular control process. The
optimum performance of a digital controller could be determined through the
simulation of the control process (Li et al., 1993).
This research herein aims at designing and developing a variable -flow
fan nozzle that is independently regulated and monitored by a common
controller. This new system may possess (1) the simplicity of the common
controller system and (2) the independent regulation of the separate controller
system, and (3) may be either manually or automatically controlled.

1.2 OBJECTIVE
The general objective of the research herein is to develop a variableflow fan nozzle (VFFN) and evaluate the nozzle based on flow performance
and drift assessment with a range of nozzle sprays sampled by a phasepartition air sampler (PPAS). The specific objectives were to:
1.

Develop a new model on fan atomization,

2.

Design a VFFN,

3.

Determine the range of flow control of the VFFN,

4.

Determine the effects of the VFFN on the spray droplet size spectra,

5.

Determine the effects of the VFFN on the spray distribution pattern,

6.

Design a PPAS, and

7.

Assess the effects of the VFFN on spray drift, using the PPAS.
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Chapter 2

REVIEW OF LITERATURE

Though spray requirements may differ from one application to another,
the basic functions of a nozzle include (1) control of liquid flow rate (metering),
(2) atomization of liquids into droplets, (3) dispersal of droplets in a specified
pattern, and (4) generation of droplet velocity.

2.1 LIQUID FLOW RATE CONTROLLER
Flow rate adjustments are generally accomplished by selecting (1) the
size of the orifice and (2) the differential pressure across the fixed orifice.
Altering the size of the orifice to meter liquid flow is normally performed by
incrementally adjusting a position of a flow control element.

King et al. (1996), U.S. Pat. No. 5,488,969, disclosed a valve for
metering a fluid by incrementally adjusting the position of a flow control element
(25) that directly varies a cross-sectional flow area of a flow port opening (20) in
a valve housing (15). The flow control element is adjustably mounted with
respect to the valve housing. The metering valve maintains an approximately
constant percentage variation of a mass flow rate of a fluid with respect to the
current total flow rate flowing through the flow port opening. Linearly varying
IO

the flow control element position results in an exponentially varying mass flow
rate (Figure 1).

Skoglund (1994), U.S. Pat. No. 5,280,805, disclosed a constant flow rate
controller valve (Figure 2) including a piston spring (30) biased toward the top
of the valve. Fluid flowing into the valve increases the forces in the chamber
above the piston, forcing the piston toward a valve seat (36). The piston is thus
seated in the valve seat, blocking fluid flow to the outlet port. The forces on the
piston in the chamber below the piston builds as flow goes through the piston
until the forces in this chamber including the piston spring force is greater than
the forces in the chamber above the piston. The piston then is lifted from the
valve seat, and the pathway to the outlet orifice is opened. Fluid flows through
the piston via the calibrated orifice (26). An equilibrium flow rate is reached by
variation of the piston position based on the location of the movable seat which
sets and maintains a constant differential pressure. The movable valve seat
(36) is driven by a hydraulic actuator. The equilibrium flow rate can be altered
through variation of fluid flow through the piston orifice and /or around the
piston by a bladder ring (38) which is inflated or deflated, by an elastomeric
ring which is compressed by liquid (Figure 3) ( Skoglund, 1996).
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25
Figure 1. Metering valve; 10 metering valve, 15 valve housing, 20 flow port,
25 scroll plate, 35 metering section, and 40 adjustment slot (King et al.
1996).

12

Figure 2. Flow control valve having adjustable sleeve for varying flow rate;12
valve body, 14 inlet port, 20 piston, 21 piston head, 22 chamber, 24
chamber, 28 seal, 30 spring, 34 sleeve, 36 piston seat, 38 sleeve
end, and 44 seal (Skoglund, 1994).
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Figure 3. Flow control valve having flow adjustable by variable ring; 12 valve
body, 14 inlet port, 16 outlet port, 18 bore, 20 piston, 22 chamber, 30
spring, 32 piston pin, 36 valve seat, 38 inflatable bladder, 40 fluid line,
44 fluid source (Skoglund, 1996).

2.2 V ARIABLE·FLOW NOZZLE

Although many different types of variable-flow nozzles have been
produced for combustion equipment, the design objective in all cases is the
same, namely provide good atomization over the entire operating range of
liquid flow rates. Some of them have been investigated for agricultural spray
applications.
Peabody (1920} developed a variable-capacity by-pass nozzle for use in
burning oil (Figure 4). The rear wall of the swirl chamber of the by-pass nozzle
contains a passage for directing liquid into a by-pass line and out the nozzle.
The flow rate is controlled by a valve located in the by-pass line. When the
valve is fully closed, the nozzle operates at its maximum capacity. Opening the
valve allows liquid to be diverted away from the swirl chamber; thus, less liquid
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Figure 4. Section of typical straight mechanical pressure oil atomizer (Peabody,
1920).

passes through the atomizing orifice. The by-pass nozzle has no small
passages because the flow passage are designed to handle large flow all the
times. The main drawbacks of the by-pass nozzle include (1) the spray angle
varies with changes in flow rate and (2) the metering of the flow rate is
complicated because the return-flow passage acts as a combination of orifices
in series. Consequently, the flow-pressure relation is not a simple square root
function of pressure.
Several researchers have evaluated the spray performance of the by-

pass nozzle in agricultural spray applications ·(Bode et al., 1979; Ahmad et al.,
1980; Han et al., 1986; Denning, 1988). Han et al. (1986) noted that in the bypass nozzle system, if one of the nozzles is plugged, the by-pass pressure
would increase, and the system would overestimate the nozzle flow rate,
resulting in underapplication. Denning (1988) reported that the volume median
diameter of the spray produced by the by-pass nozzle decreased from 398 to
14

125 µm as flow rate increased from 1.2 to 3. 7 Umin. Thus, the by-pass nozzle
system has not been widely adopted.

Chistopher (1980), U.S. Pat. No. 4,221,334, disclosed an adjustable
nozzle for crop spraying. The nozzle apparatus (Figure 5) includes a head
having a plurality of holes for sequential alignment with a delivery port and a
curved outlet surface for producing a fan spray. A plurality of orifices of different
sizes are selectable for varying the quantity of liquid to be sprayed. The flow
rate of this nozzle type is manually selected, so it not suitable for on-the-go
spray rate control, beyond pressure adjustments.
A continuously variable nozzle for rocket engine fuel injection was
reported by NASA (1990), yet was not investigated for agricultural applications.
The nozzle includes a flexible shell surrounding a pintle (Figure 6). The
enlarged conical tip of the pintle extends through an orifice at the bottom of the
shell. Regulating the pressure in the shell results in a variable expansion of the
shell midsection and a variable movement of the pintle. The flow rate through
the orifice is controlled according to the position of the pintle relative to the
orifice. This nozzle provided for gradual flow rate variation that was linearly
proportional to the pressure change. However, the design complexity and
clogging problems of this nozzle could hinder the acceptance of the nozzle for
agricultural applications.
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Figure 5. Adjustable nozzle for crop spraying; 10 apparatus, 12 base, 18 flats,
30 notch, 40 gasket, 60 central bore, 70 bore, 76 cylindrical portion,
98, 100 face, 106 and 108 extending notches, 130 outer cylindrical
portion, 138 flat, 140 aligned shoulder (Christopher, 1980).

Shell

P1ntle

LOW PRESSURE, NO FLOW

HIGHER PRESSURE, Fi.ow BEGINS

Figure 6. The flexible shell nozzle (NASA, 1990).
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2.3

PHASE-PARTITION AIR SAMPLER

Quantification of off-target chemical drift is important to determine the
environmental impact and the efficiency of spray application. Chemical drift
could be considered as chemical movement from the target area regardless of
the time lapse after application. Chemical drift occurs mainly in the form of
airborne chemical crystals and vapors. Chemical drift occurs mostly in forms of
aerosol and vapor during application. After applications, sampling of individual
chemical phases could aid in identifying drift timing and phases to help solve
drift problems. Numerous air sampling techniques have been developed for
agricultural chemicals. However, techniques for vapor-aerosol sample
partitioning are rare.

High-volume-polyurethane-foam air samplers were developed to collect
aerosol and vapor, in which a filter collects the aerosols and a downstream
polyurethane foam plug (PUF) collects vapors. However, the high-volume-PUF
air sampler can not totally separate the vapors and the aerosols because the
filter collects not only the aerosols but also the vapors in the sample through
the filter material, and the PUF collects not only the vapors in the sample but
also the vapors of the aerosols which are generated from the filter. Thus, the
aerosols and the vapors which are collected by the high-volume-PUF sampler
may not represent the actual proportion of aerosols in an airborne sample.

A rotary disk impactor (RDI) was developed (Bamesberger and Adams,
1965) for sampling vapors separate from particles. The RDI consists of a 5-cm
diameter disk rotating through a fluid well containing a collection liquid. The
impacted droplets and particles are collected when the disk rotated through the
collection liquid and vapors are collected by bubblers that are located
downstream from the RDI. However, the RDI can not totally separate phases
because the rotating disk collects not only the particles but also the vapors by
adsorption onto the wetted disk surface. Koutrakis et al. (1993) noted that the
collection efficiency of the impactor was a function of particle size. Thus, the
bubblers collect not only the vapors but also the particles not collected by the
RDI.
The diffusion denuder, a vapor-particle partitioning sampling technique is
different from conventional air sampling. Annular diffusion denuders were
widely used for collections of volatile inorganic compounds since 1983
(Possanzini et al., 1983). A denuder consists of tubes and a filter. The inside of
the tube is coated with a material capable of absorbing selected vapors. An air
sample is pulled through the tubes in laminar flow. Because the diffusion
coefficients of particles and vapors differ by 103 -106 , the particles tend to pass
through the tube and are collected by the filter while the vapors tend to diffuse
to the tube walls and are collected by the coating layers. The main feature of a
denuder is the coated tubes. Many attempts have been made to improve the
collecting surface geometry and the coating approach in order to increase the
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collecting efficiency of the tubes. The collecting surface geometry ranged from
a pair of concentric tubes, an annular denuder (Possanzini et al., 1983) , a
simple cylinder, a cylindrical denuder (Adams et al., 1986), a simple coiled tube
(Pui et al., 1990), a set of sections cut from a single capillary gas
chromatographic column (Krieger and Hites, 1992), two parallel plates, a
parallel denuder (Simon and Dasgupta, 1993), to a glass honeycomb-shape
denuder (Koutrakis et al., 1993). There are two approaches of coating: (1) dry
coating and (2) wet coating. The most generally useful and reliable method for
dry coating consists of repeated immersion of the tubes in solutions of the
stationary phase in absorptive solution. After drying, each tube is weighed to
determine the average thickness of its coating which ranges from 4 to 100 µm.
In order to provide a continuous renewed high-efficiency collection surface and
simplify the coating, washing and recoating of denuder tubes, a number of wet
coating methods have been developed. A wet rotating denuder consists of
concentric tubes coated with an aqueous layer through rotation in a collection
liquid (Keuken et al., 1988). The wet denuder has been coupled to a gas
chromatography (GC) for continuous and precise measurements (Simon et al.,
1991, 1993; Wyers et al., 1993).
Although diffusion denuders have been widely used for the collection of
volatile inorganic compounds, the denuder collection of semi-volatile organic
compounds (SOC) has been limited. The main limitation is that many SOCs of
environmental interest, such as polychrorinated biphenyls, polycyclic aromatic
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hydrocarbons, and many organocholorine pesticides are relatively non-polar.
This complicated finding a suitable denuder coating for these compounds that
have acidic or basic functional groups (Krieger and Hiters, 1994). Besides the
difficulty of finding a suitable denuder coating for the agricultural chemical of
interest, there is another factor which hinders the application of denuders in
sampling the drift of chemical spray in agriculture. Because coarse particles
can deposit on the denuder walls, a coarse particle impactor is placed
upstream of the denuder. This impacting surface provides a medium for vapor
adsorption although many inlet designs have been developed to minimize the
loss of vapors prior to their collection on the denuder wall. Possanzini et al.
(1983) noted that the loss of aerosols in the size range of 1.4 - 3.0 µm through
a denuder tube was 0.8 percent and increased with the increase in the particle
size.
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Chapter 3

DEVELOPMENT OF A VARIABLE-FLOW FAN NOZZLE

3.1 REVIEW OF FAN ATOMIZATION UNDER INCOMPRESSIBLE LIQUID IMPACT MODELS
A fan spray can be produced by the collision of impinging liquid jets. The
impingement of two liquid jets creates a flat liquid sheet that is perpendicular to
the plane of the jets. Different types of nozzles have been produced based on
different arrangements of impinging jets. The most popular type of nozzle is
one in which the orifice is formed by a V groove cut at the nozzle exit through a
blind end. The impinging jets originating from flow from a common cylindrical
inlet that leads to the opposing jets created at the blind end collide with each
other at the V-groove. The spray sheet formed by the collision of the two jets
contains the axis of the cylindrical liquid jet and bisects the angle of the V
groove.

An alternative method of producing a fan spray is by discharging the
liquid through a circular orifice onto a curved deflector plate. The deflector
method produces a somewhat coarse spray droplet size distribution. Wide
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spray angles and high flow rate are attainable with this type of nozzle.
Because the nozzle flow passages are relatively large, the problem of orifice
plugging is minimized.

Characteristics of the fan atomization were studied by several
researchers. The photographic studies of Dombrowski et al. (1954, 1963)
showed two main mechanisms for the disintegration of spray sheets into drops.
The first mechanism is manifested as perforations which appear in the sheet
and expand under the influence of surface tension forces to form a network of
ligaments which break up into drops. The second mechanism is initiated by
waves formed in the sheet such that the amplitude increases with increasing
distance from the nozzle. The wave splits into ribbons of liquid parallel to the
leading edge of the sheet which then disintegrate into drops. The
predominance of either of these two mechanisms depends on liquid properties,
nozzle design features, and nozzle operating conditions. Ford and Furmidge's
(1967) photographic studies of fan-jet atomization confirmed wave formation as
the main contributor to sheet disintegration, but they also observed that
ligaments were formed at the edges of the sheet which broke up into chains of
large drops independent of the rest of the sheet.
Fan atomization has been known to result from the impact of two oblique
jets. However, the relationship of spray angle, spray thickness, and nozzle
geometry has not been well specified and most published work is defined solely
by empirical measurement. Zhou et al. (1996) used computational fluid
22

dynamics (CFD) techniques to simulate the internal flow and spray angle
through flow field predictions. The computation was based on steady state
incompressible Newtonian flow and showed that it is possible to generate a
spray angles ranging from 15 to 120 degree by changing the half V-cut angle
on a hemispherical end from 60 to 11 degree respectively. However, the
relationship between the V-cut angle and the spray angle was not analytically
explained.

Several authors including Dorman (1952), Yeo (1959), Dombrowski and
Johns (1963) and Hasson and Mizrahi (1961 ), and Ford and Furmidge (1967)
used dimensional analysis to derive equations for mean drop sizes. The
derived equations were based on steady-flow pressures calculated from
Bernoulli's equations for incompressible flow. The analysis may not directly
yield reasonable predictions, although many adjustments were made for
qualitative agreement between predictions and empirical data.
Compressibility effects are predominant in the liquid response due to
the impact of two jets. However, investigations of the conditions for which the
fan atomization will follow the pattern expected from compressible-flow theory
was not found in the current literature.
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3.2

COMPRESSIBLE LIQUID IMPACT MODELS

Fan spray results from the impact of two liquid jets. Thus, the
characteristics of the fan spray may be understood through the investigation of
the impact of compressible liquids.

The collision between a liquid mass and a solid, or between two masses
of liquid can generate a high transient pressure. The high pressure generated
during a liquid/liquid impact was attributed to the compressible behavior of the
liquid. Cook (1928) showed that the magnitude of "water hammer" pressure
was calculated as follows:

P = pVC

(1)

where

P = "water hammer" pressure, Pa

p = liquid density, kg/m 3

V

= impact velocity, mis

C = shock wave velocity in the liquid,

mis.

Further, the pressure was generated when a moving liquid column of velocity V
and density p is suddenly stopped by a rigid barrier and a shock wave at
velocity C moves through the liquid upon impact. Bowden and Brunton (1961)
demonstrated that a similar pressure was generated when a cylindrical liquid jet
24

impacts a surface, with the compressible behavior lasting until release waves
reach the central axis of the jet. If the impacted target is not rigid, Equation (1)
is modified to the form

(2)

where subscripts "1" and "2" apply to the liquid and impacted target,
respectively.

The impact of a liquid drop onto both a rigid and an elastic plane was
analytically considered by Lesser (1981) and Lesser and Field (1983). The
geometric wave theory of Lesser and Field emphasized the importance of the
detailed geometry of the contact area. In conjunction with the theoretical work,
they developed a two-dimensional technique using gels for impact and shock
studies. A combination of high-speed photography and schlieren optics allowed
visualization of shock waves in liquid and solid media.

Impact Stages
According to Lesser (1981), liquid impact consists of two stages: (1)
compressing stage and (2) jetting stage. The compressing stage is an
important initial phase during which the liquid near the contact zone is
compressed but the remainder of the liquid jet exhibits no response to the
impact (Bowden and Field, 1964; Heymann, 1969, Lesser (1981). The reason
for this is that the liquid contact periphery grows faster than the compression
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wave fronts that travel at the speed of sound (Figure 7). The shock envelope
therefore remains attached to the faster moving contact edge and the
compressed liquid is confined between the shock envelope and the solid
surface. When the shock wave moves ahead of the contact edge, the
pressurized liquid escapes in the form of high velocity jets, which are
composed of a spray of droplet, from the liquid to air surfaces (Figure 8).
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Figure 7. Compressing stage of impact during which the points e (liquid
boundary line in three-dimensional case) move faster than the wave
speed. Shock separates the disturbed region A from the undisturbed
region B (Lesser, 1981 ).

0

Figure 8. Jet formation. Droplets detach in a direction normal to the drop
surface and move initially towards the target (Field et al., 1985).
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An example of Camus' work (1971) for a 70 mis impact is shown in
Figure 9. In Figure 9a, the early stage of impact where both solid and liquid are
highly compressed in the contact region, there is no jetting. In Figure 9b, a
shock has detached and is moving up through the drop and jetting has started,
though high-pressure regions (labeled p) still persist in the liquid. In Figure 9c
the shock is about to reflect at the upper surface and jetting is more advanced.

The contact edge velocity was determined by the geometry of the
impacting surfaces. As the contact angle

~

(Figure 7) increases, the contact

edge velocity decreases until the contact edge reaches the critical angle

~c

where the contact edge velocity equals the velocity of the shock wave. Field et
al. (1985) used a water-gelatin mix that allowed the 'liquid' to be formed into
any desired shape to observe the liquid behavior during the critical phase of
edge shock detachment. Figure 10 shows the impact geometries for a rigid
slider striking a wedge of liquid. Two cases were distinguished depending on
the contact angle

~ of

the wedge. The first case when

~

is less than

~c ,

the

contact point moves faster than the shock wave and the shock envelope is
attached to the contact point and elongated in the x-direction. For this case,
there is no jetting. The second case (Figure 1Ob) when ~ is greater than

~c ,

the primary shock waves move ahead of the more slowly moving contact edge
and deform the liquid surface to produce a jet. The value of

~c

which

determines when jetting starts is dependent on the shock velocity in the liquid
and the impact velocity of the rigid target.
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Figure 9. Impact with a two-dimension drop at 70 mis. Note the absence of
flow in (a) and the shock structure, high-pressure lobes (labeled p), and
jetting in (b) and (c). The texture appearance at the interface above Bis
due to the formation of cavitation bubbles. The drop has a diameter of 2 mm (Camus, 1971 ).

a

Water/ gel wedge

1
Target

b

p

l

Target

Figure 10. Impact geometries for a target striking a liquid wedge for (a)
supersonic contact with shock envelope attached to the contact point,
(b) subsonic contact with the primary shock advancing ahead of the
contact point and a jet forming (Field et al., 1985).
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Angle for Jetting

Bowden and Field (1964) suggested that jetting would start at an angle

p

c

= sin., M for impact with a rigid target; where M is the ratio of the impact

speed to the speed of sound in a liquid (M=VIC). Camus (1971) and Brunton
and Camus (1970 b) recorded angles between 10 degree and 20 degree, in the
velocity range 30-100

mis. Hancox and Bruton (1966) noted an angle of 17

degree for an impact velocity of 60

mis. Lesser (1981) determined that the

deformability of the target has a major effect on increasing

Pc· The deformability

or the compliance of the target for liquid impact is defined as a nondimensional
term Y as follows:

Y= pCI p

1

C 1,

(3)

where p and C are the density and acoustic velocity of the water respectively,
and p I and C I are the corresponding parameters for the target material.

According to Lesser (1981 ), increasing the compliance Y increases the
critical angle

Pc· The reason is that the finite compliance reduces the shock

strength and this delays the achievement of the critical condition. This, in tum,
means that the area over which high pressures are applied increased. The
predicted critical angles for different target material is shown in Table 1.
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Table 1. Predicted critical angles ~c and normalized wall pressu~s p for
different target materials of normalized and compliance Y, with respect
to water (Field et al., 1985).
rigid,

y

y

=0

=

0.033

y

=

0.55

V (m/s)

M

~Jdeg)

p

~Jdeg)

p

~~(deg)

p

150

0.10

3.4

3.7

3.8

3.3

4.8

1.0

200

0.13

3.2

4.7

4.9

3.2

6.2

1.2

250

0.17

2.8

5.4

5.6

2.8

7.2

1.2

300

0.20

2.7

6.0

6.3

2.7

8.3

1.2

500

0.31

2.9

8.2

8.6

2.9

12.3

1.2
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Field et al. (1989) used the two-dimensional gel and photographic
techniques for visualizing the shocks, recording the onset of jetting, and
measuring jet velocities. They showed two critical conditions to be useful in
discussing jetting. The first defines when the shock moves up the free surface
of a drop so that the liquid can "spall" into the air gap. The second defines
when this spalled liquid appears ahead of the contact periphery as an
observable jet. Two useful values are: (1)

~c

is the value at which the shock

development overtakes the contact edge and starts to "spall" liquid into the air
gap, and (2)

~i

is the value at which this spalled liquid moves ahead of the

contact point and can be observed as a jet. The angle
relationship
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~i

is computed by the

sin ~j

= [1 +2(✓1 + 3V 2 /c 2 )][(v;c)/(1 +4V 2 /c 2 )] ,

(4)

where Vis velocity of impact and C is the shock velocity which is computed as

(5)

where ~ is close to 2 for water and C0 is the acoustic velocity, 1500

mis.

According to Lesser (1981 ), increasing the compliance of a target
increases the critical angle, and this is shown in Table 2. The reason is that the
finite compliance reduces the shock strength and this delays the achievement
of the critical condition.

Table 2. Angle at which jetting was observed for different configurations (Field
et al. 1989).
Drop dia.

~i(deg)

(mm)

Brass

PMMA*

Strip

Neoprene

Error

10

11

15

19

-

±2

23

11

14

16

-

±1

32

10

13

14

3

±1

* PMMA is Polymethylmethacrylate
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Jet Velocity
Bowden and Brunton ( 1961 ) suggested that an increase in the contact
angle pi for jetting will lead to a decrease in jet velocity given by the relationship

(6)

Field et al. (1989) experimentally showed that if the angle pi computed
from Eq. (4) is inserted in Eq. (6), good predictions are obtained for Vi. Equation
(6) also predicts that as pi increases, Vi decreases, meaning that the more
compliant the target, the greater pi and the lower the corresponding Vi .

Impact Pressure

On a dry rigid surface, the impact pressure at the center of contact is
pCV (Bowden and Field, 1964), while at the contact edge, pressures as high as
3pCV can develop due to the shock wave detachment geometry (Brunton and
Rochester, 1979; Heymann, 1969; Lesser, 1981; Lesser and Field, 1983; Field
et al., 1985). When a liquid layer is present, the propagation of the shock wave
through the layer and its reflection at the solid boundary becomes important.
Brunton (1967) showed that as the liquid layer increases in thickness the
contact pressure reduces from pCV (rigid target) to 0.5 pCV (water impact onto
deep water). However, the problem of high speed liquid impact onto wetted
solids has yet to be understood thoroughly, because of the transient nature of
the phenomenon and the difficulties in designing a well-controlled experiment.
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Liquid Jet Impact
Field and Lesser (1982) emphasized the importance of the profile of the
impacting surfaces. If a flat-ended cylindrical jet hits a surface on end, it creates
an initial uniform pressure that decays as the waves from the boundaries move
toward the central axis. However, in practice, the front surfaces of jets are
usually distorted, either because of their method of production or because of air
drag (or both). However, if the front of the jet distorts into a wedge, as in Salem
et al.'s (1979) photographic work, then whether or not high edge pressures
result depends on the velocity and wedge angle. In Salem et al.'s experiment
the wedge angle was 20 degree, which for a impact velocity of 35 mis gave a
subsonic expanding contact, the possibility of jetting from the start, and no high
pressures. In the earlier work of Johnson and Vickers (1973), the authors
describe their jets as "not flat, but slightly rounded." Hand et al. (1991) noted
that the jets have a non- spherical front profile similar to the shape illustrated in
Figure 11 with a large radius of curvature, r, , at the point of contact. The
slightly different curvatures in the two directions means that it is possible to
obtain an average equivalent drop size (Figure 12).
A correlation between normal jet and drop impact was undertaken by
comparing the damage sites produced on Polymethylmethacrylate (PMMA)
(Field et al., 1979). As shown in Figure 13, the equivalent drop diameter
modeled by a particular jet increases as the impact velocity decreases.
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Figure 11. The profile of the coherent core and a droplet cloud of a 420 mis jet
from 1.6-mm nozzle (Hand et al., 1991 ).

Figure 12. The ideal situation for a jet to simulate the initial stage of drop impact
(Hand et al., 1991 ).
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Figure 13. Equivalent drop size produced by the four orifices versus velocity.
The 0.4-mm orifice, for example, simulates 2-mm drop impact for a wide
velocity range. Very large drops can readily be simulated (Field et al.,

1979).
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An oblique jet impacting on glass was studied by Matthewson and
Gorham (1980). They observed that (1) as the impact was normal, a circularly
symmetric pattern of short circumferential cracks appeared and (2) when the
impact was slightly oblique, the damage becomes concentrated in the
"downstream" direction which suggested that the stress wave was intense in
this direction.

Angled jet impact on PMMA was studied by Hand et al. (1991 ). It was
shown that when the impact angle is 0, the impact pressures are reduced by
cos 0, and the area over which the high pressures are produced decreases by
cos 2 0, as compared to the normal impact. With angled impact, the flow of liquid
is asymmetric with most of the flow in the direction where the compressible
regime last the longest (i.e. to the left in Figure 14).

Figure 14. Impact damage produced in PMMA by a 24-mm diameter sphere
impacting at an angle of 25 degrees and 320 mis (Hand et al., 1991 ).
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In Figure 15, Shi and Dear (1991) showed that side jetting was delayed
for a long time after contact and the shock wave in the liquid drop was reduced
in strength as the impact angle increased. When the impact angle was large
enough, side jetting did not appear (Figure 15d). The deformation of the liquid
drop at this time was similar to incompressible fluid flow. In oblique impact, the
side jetting velocities upstream and downstream were different. With the
increase of the impact angle, the downward side jetting velocity first increased,
then decreased. When the impact angle was 45 degree, the jetting velocity was
less than that in normal impact.

Liquid-liquid impact
The impact and penetration of a water surface by a liquid jet has been
studied by Bourne et al. (1996). A liquid jet of uniform nose geometry was
produced by impacting a water-filled nozzle with a lead slug fired from a gas
gun. On impact a system of shock and release waves is set up in the water
illustrated in the enlargement of Figure 16. A shock wave S is transmitted into
the stationary water, while a shock S' travels back into the jet decelerating the
liquid flowing downward. The shock is followed by rarefaction waves R and R'
which come in from the periphery of the jet and release the liquid behind them
allowing high-speed lateral jetting across the water surface. The release fan,
R, appears at the axis after 0.5 µs. The jet impacts and induces a pressure
given by the relation for compressible impact of water on water, P = pVC/2.
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(a )

a= 10° and impact velocity is 130 m/ s. Jets are
labelled J in frame 1. C in
frame 3 is cavitation.

(b )

a=30' and impact velocity is 130 m / s. Jets
labelled J in frame 2.

( C)

a=50° and impact velocity is 110 m / s . Jets
labelled J in frame 3.

(d )

a= i0° and impact velo·
city is 90 m! s. I\ o jetting
,·isible

Figure 15. Oblique impacts of 2-D drops of 13 mm-diameter. Inter-frame time
equals 4.25 µs (Shi and Dear, 1991 ).
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I
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Diaphragm
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Figure 16. A schematic of the liquid impact gun and wave system induced on
impact. A schematic blow up of the impact is shown to the right in which
shock waves S and S' and release waves R and R' can be seen (Bourne
et al., 1996).
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3.3

FAN ATOMIZATION UNDER COMPRESSIBLE LIQUID IMPACT MODELS

In normal impact, the pressure magnitude, the pressure distribution, and
the jetting formation are usually determined through a combination of theory
and experimentation. However, in oblique impact, there is great difficulty to
theoretically solve this unsteady, three-dimensional fluid flow problem.
Matthewson and Gorham (1980) studied the residual strength of glass disk
after impact by high-velocity water jets and showed that the cracks were
concentrated in the impact direction suggesting that the stress wave was
intensified in this direction (features marked D in Figure 17). Shi and Dear
(1991) used high-speed photography and impact angle tests (frame rate up to
one million hertz) demonstrated that side jetting velocities upstream were much
higher than that downstream (Figure 18). Gorham and Field (1977) studied the
damage patterns of PMMA due to liquid jet impact and showed that the circular
damage features observed during normal impact changed to horseshoeshaped failure regions under moderately oblique impact conditions (Figure 19).
As the impact deviated from the normal, the ring crack became asymmetric and
was enlarged with increasing eroding in the impact direction. Hand et al. {1991)
provided the basis of a correlation between drop and jet impact which
considered an angled impact and the determination of average equivalent drop
sizes (Figure 12). This correlation was based on an assessment of liquid jet
and drop impact damage on PMMA.
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5'

15'

Figure 17. Typical impact produced by 620 mis impact at various angles
(marked). The impact is from top ("upstream" direction) to bottom
("downstream" direction (Matthewson and Gorham, 1980).
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(a)

(c)

I

Figure 18. Impact of a 480 mis water jet from 0.8 mm nozzle on a PMMA block.
lnterframe time=1 µs ; (a) impact angle=0 degree; (b) impact angle=15
degree ; impact angle=30 degree ; impact angle=45 degree (Shi and
Dear, 1991 ).
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Figure 19. Oblique liquid impact damage to a 6 mm PMMA plate. 700 mis
water jet impinging at the following angles: (a) 0 deg, (b) 15 deg to the
normal, (c) 30 deg, (d) 45 deg Maximum weight loss occurs at 15 deg
(Gorham and Field, 1977).

The classic oblique liquid-solid impact problem was investigated by
several authors. However, no attempt was made to explain the jetting from the
impact of the two oblique liquid jets. In this dissertation, the results from the
previous studies on the side jetting velocity, the impact damage of materials,
and the shock wave structures and conditions for jetting during liquid impact
were used to explain fan atomization, spray angle, spray thickness, spray
velocity, and droplet size.
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3.3.1 Fan Atomization
Figure 20 illustrates the condition for a simulation of impact of the two
oblique liquid jets from a fan nozzle. On impact (Figure 21 ), the contact area at
first expands more quickly than the compression wave fronts in the liquid and
the jet induces a main shock wave S, which travels with the speed of the
contact edge. Since this wave is divergent, the shock speed reduces with the
distance to the acoustic velocity in water. When the shock speed equals the
acoustic velocity in water, the rarefaction waves R and R' are introduced from
the periphery of the impact jets. The head of the release wave R and R's travel
up the impact jets at the shock speed and their tail at the acoustic speed
(Bourne et al., 1996).
When a shock wave moved up the free surface of the impact jets, the
release waves spalled material at right angles to the local liquid surface and
toward the target surface (Lesser and Field , 1983). The spalled material was
the jets of a spray of droplets. The driving force for this jetting is the high
induced pressure behind the shock wave. Since the waves are divergent in
time and space the amplitude of the releases is reduced. In oblique impact, the
rate of expansion of the contact edge is not the same in all directions. The
downward expansion of the contact edge is faster than the upstream one
because the flow of liquid is asymmetric with most of the flow directly where the
compressible regime is highest and lasts longest. Thus the shock wave in the
downstream direction moves up and starts jetting earlier than that upstream.
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As the release wave downstream starts jetting, the high pressure under the
shock wave starts decreasing. Depending on the geometry of the impact jet
nose and the target, the upstream side jetting may not exist as in Figure 16.
When the rate of spalling material is higher than the flow rate of the impact jets,
the jetting would be continuously generated. Thus the atomization from the
impact of the two oblique jets can be understood as the continuous generation
of jetting due to the compressing of liquid. The jetting which is composed of a
spray of droplets is material spa/led from the compressed volume.

Figure 20. Flow field on the central plane of a nozzle for the initial stage of
impact.

Figure 21. A schematic of two oblique jets impacting and wave system induced
on impact.
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3.3.2 Spray Angle
The duration and spatial extent of the high-pressure regime are
determined by the geometry of the situation. Initially the contact radius expands
at a greater rate than the shock wave velocity, C, in the liquid. It is only when Ve
= C, where Ve is the horizontal component of the velocity of the contact edge,
that a release wave can develop and the pressure drops towards the Bernoulli
stagnation pressure. Figure 22 illustrates the geometry considered by Bowden
and Field (1964) to calculate when the shock overtakes the contact edge,
assuming a one-dimensional flow and rigid target. This takes place when
(7)

sin ~e= V/C,

where V and Care the impact velocity and shock wave velocity, respectively.

Lesser and Field (1983) analyzed the situation of a drop and indicated
that the high pressures are generated over a radius of contact,
(8)

r= RV/C = R sin ~e.
where R is the radius of the drop and V the velocity of impact.

Hand et al. (1991) extended the analysis of Lesser and Field to cover
the case of oblique impact (Figure 23) and indicated the radius of contact at the
onset of pressure release re as being
(9)
where V" = Vcos8 is the normal component of impact velocity V and R the
spherical drop which is incident on a plane inclined at an angle 8.
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Ct
Vt
/

Figure 22. Condition for shock wave to overtake contact edge for impact of
drop against a rigid target. V is impact velocity and C is shock wave
velocity (Bowden and Field, 1964).

Figure 23. Impact of a drop onto an inclined plane (Hand et al., 1991).
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The analysis of Hand et al. (1991) may be extended to cover the case of
oblique impact of the two jets. The condition for a simulation of impact of jets by
equivalent drops for the initial stage of the impact is illustrated in Figure 24 and
25, and the movement of the two equivalent drops during the first stage of
impact is shown in Figure 26, where the compressed volumes of the two
equivalent drops are symmetric across a imaginary impact plane.
The symmetric impact of the equivalent drops with the same speed V
(Figure 27) is studied through the impact of an equivalent drop moving in the Vdirection with the normal velocity component 2Vsin(0/2), in which the imaginary
impact plane is at rest (Figure 28).

Ec::;1..1ivc.lent

(quivo.len-t air-op

dr-oo

y

ContQCt edge

Figure 24. Development of oblique impact of two equivalent drops at the first
stage of impact.
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Equivc.len-

Equiva.lent

cirop

drop

Figure 25. The situation for equivalent drops to simulate the initial stage of
impact of jets on x-z plane.

[q<.<ivalent clrop

Eqv1ivalent d,..op

CoMpressecl v~<.<Me

CoMpressecl volLme

Figure 26. Movement of the two equivalent drops during the first stage of
impact on x-z plane.

49

_ _ _ !ripe.ct Pl:i.ne

Figure 27. Definitions of the various parameters at the first stage of impact on
x-z plane.

- - - - lMpoct Plone

Vn=2Vsin(0/2)

Figure 28. Oblique impact of a equivalent drop onto a imaginary impact plane.
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Consider the geometry in Figure 29; an equivalent spherical water drop
of radius R with velocity V is incident on a plane inclined at the angle 0/2. For
this situation, the angle at which the shock envelope overtakes the contact
edge and a jet can be observed is
.

A

sm..,=

2kV sin(S/2)
C
,

(10)

and the radius of the area over which the high pressures are produced is given
by

. ~ 2kRV sin(S/2)
r=Rsm = - -C- - - ,

(11)

where k is the coefficient of adjustment for the liquid/liquid impact and the
outward movement of the liquid surface before jetting. According to Lesser
(1981 ), (1) increasing the compliance of a target surface increases the critical
angle

~c because

the finite compliance reduces the shock strengths and this

delays the achievement of the critical condition, and (2) the critical angle

~c

is

dependent on the impact jet size since the larger jets increase the time for
waves to disturb the surface ahead of the contact edge. Field et al. (1988)
noted that due to the release wave giving the liquid surface a particle motion
with a component towards the surface, a jet only escapes when ~ >

~c·

Therefore, k is greater than 1 for a liquid/liquid with the exact value of k being
determined through empirical means. On normal drop impact, the induced high
pressures are radially uniform on the impact area and jetting propagates from
the drop center to the entire edge of the contact area as shown in Figure 30.
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Figure 29. Definitions of various parameters at the stage of jetting on x-z plane.

z
Conte.ct edge

V

Figure 30. Jetting from the normal drop impact.
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On oblique jet impact, the induced high pressures are not uniformly
distributed across the impact area. The induced pressures in the downstream
direction are higher than that upstream direction since the downstream flow is
under more compression pressure than that upstream. The jetting would be
from the equivalent drop center to a portion of the edge around the compact
area as shown in Figure 31. The angle defining this portion on y-z plane is a as
shown in Figures 31 and 32,

C

(12)

cos(a/2) =r
where,

c=

Reos~
.
tan(8/2)

Thus,

cot[sin-•
Reos~
cot~
cos(a/ 2) = rtan(0/2) = tan(0/2) =

(2kV scin8/2)]

tan{8/2)

(13)

In fan atomization, a is defined as the spray angle. The jet velocity is
determined by the spray pressure and the orifice area. The shock velocity C is
related to the acoustic velocity C O by the relation

C =C (1+2V/C
O

(14)

0 ),

where C O is 1500 mis. When the parameters k, V, and Care given, as the jet

angle e increases, the spray angle a increases.
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z
Contact eclge

V

EqL.1ivalent drop

Figure 31. Jetting from oblique jet impact.

Equivo.lent cir-op

_ _ _ lnpoct Plone (y-z plone)
Conte.ct ecige

-------------~-~

View on y-z plane

View on x-z plane

Figure 32. Definition of spray angle a.
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3.3.3 Spray Thickness
Spray thickness (T) is defined as the thickness of the spray pattern at a
distance (H) from the impact zone. From Figure 33,

T

= 2Htan(90° -

~) = 2Htanq> = 2H cot~ ,

(15)

where

q> = 90 deg - ~

(16)

q> is defined as a spray thickness angle which increases when the spray
thickness increases.
The spray height H is normally determined by the application
requirement. The contact angle

T

~

is given by Equation 10. Therefore,

= 2H cot [ sm. _ 1 (2kV sin0/2)]
C
,

(17)

When the parameters H, k, and V are given, Equation 17 predicts that as

e increases,

T decreases.

3.3.4 Spray Velocity
Bowden and Brunton (1961) suggested that an increase in the contact
angle~ for jetting would lead to a decrease in jet velocity, which is called spray
velocity in atomization, given by the relationship
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Eq ... ,valent cir-op
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Figure 33. Definitions of various parameter for spray thickness on x-z plane.
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U

= V cot(~/2) =V cot [21 sin- 1(2kV sin0/2)]
C

(18)

This relation is based on shaped-charge theory, which assumes steady
flow around the contact point. This is not the way the present theory pictures
the jet forming in liquid/liquid impact. However, Field et al. (1988) noted that if
the contact angle

~

was adjusted with the coefficient k as in Equation 10,

surprisingly good predictions were obtained for U by Equation 18. Equation 18
predicts that with given

~

and V, U decreases as e increases.

3.3.5 Spray Droplet Sizes and Impact Pressure

The jet impacts and induces a high pressure. This high pressure is
released by waves which tend to disintegrate into drops. Since the waves are
divergent in time and space the amplitude of the releases reduces and the size
of drops increases. The droplet sizes can be considered as a function of the
amplitude of the induced pressure. As the induced pressures increase, the
droplet sizes decrease. On normal impact, the induced pressure is O.SpVC for
compressible impact of water on water. On oblique impact, it was shown that
when the impact angle was

e , the impact pressure was reduced by cos(0)

(Hand et al., 1991 ). For two liquid jets impacting at angle

e, the impact pressure

is

P = O5p x 2V sin(0/2) = pVCsin(0 / 2).
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(19)

Field et al. (1987) photographically showed that the critical angle ~e
tends to decrease as the equivalent drop diameter increases since the larger
diameter means that the compressible behavior phase lasts longer and there
would be more time tor the waves to disturb the surface ahead of the contact
edge. For this reason, the impact pressure P would decrease as the jet
diameter increases. To express Pas a function of the jet size, a new variable A.
representing the jet size is introduced in Equation 20.

P

= ~ VCsin(0 /2),

(20)

where the jet size variable A. increases as the jet size increases.

The mean drop diameter D of the jetting is analyzed using a
conservation of energy approach. The energy for the atomization process is

(21)

where ve is the volume of the compressed liquid during the first stage of impact
and P is the impact pressure.

The analysis assumes that ve is spalled into n drops of equal diameter D.
Thus, the total volume of n drops is Ve ,

(22)
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The total energy E balances (1) the kinetic energy Ev. representing the
kinetic energy for the liquid phase of the spray cloud (2) the surface energy Es,
the energy expended in increasing the surface area of the liquid (i.e. producing
smaller droplets) during atomization, (3) Em the energy for outward side-wall
motion of the liquid surface, and (4) the potential energy and thermal energy
resulting in a rise in the liquid temperature, which can be assumed negligible.
Thus, the energy balance is represented by the following expression:

(23)

where

Em= sxnx41t(D/2) 2 P

Thus,

where

a,

p, s, and U are the surface tension, the liquid density, the movement

of the liquid surface, and the spray velocity, respectively. Simplifying Equation
24, we obtain
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12(cr + sP)

(25)

D= 2P-pU 2

Equation 25 predicts that the droplet size D decreases as the impact pressure
increases.

3.3.6 Relation among Spray Angle, Spray Thickness, Spray Velocity, and
Droplet Sizes
Referring to Equation 13 re-written as follows:

[cot(sin-1 (2kV sin(0 / 2)/c))]
a= 2cos
r, )
tan\0/2
_1

(26)

Substituting

p from Equation 10 into Equation 16, we have

<p = 9Odeg- P(0)= 9Odeg -sin- 1 [2kVsin(0/2)/c]

(27)

Substituting P from Equation 20 and U from Equation 18 into Equation 25, we
have

12[cr + sp VC sin(0 / 2) /A]
D = 2p vc sin(8 / 2) IA+ V co{½

,m-• (2kV sin(8 / 2) / C)] .

(28)

When k, p, cr, s, C, and V are given, the spray angle a, the spray
thickness angle cp, the spray velocity U (Equation 18), and the mean drop
diameter Dare the functions of the jet angle 0. For example, when k =40, V
25 m/s, p = 1000 Kg/m 3 , cr = 0.073 Kg/s 2 , A= 1, s = 10-5 m, and C = 1500 mis
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=

the four functions ex, q>, U, and Dare plotted in Figures 34, 35, 36, and 37. As
we can see from Figures 34, 35, 36, and 37, the new model predicts that as jet
angle e increases, spray angle ex increases, thickness angle cp decreases, spray
velocity U decreases, and mean drop diameter D decreases.

When k, p, cr, s,

e, and V are given, the spray angle ex, the spray

thickness angle q>, the spray velocity U, and the mean drop diameter Dare the
functions of the shock velocity C which is dependent on the liquid properties by
Equation 5. An increase in C leads to decreasing spray angle and increasing
spray thickness angle, spray velocity, and mean drop diameter.
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Figure 34. Spray angle as a function of jet angle.
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Figure 35. Dependence of thickness angle on jet angle.
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Figure 36. Spray velocity versus jet angle.
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3.3.7 Prediction of Spray Angle from Conventional Fan Nozzles Using
New Models.
Zhou et al. (1996) used computational fluid dynamics (CFO) techniques
to relate the spray angle of a flat fan nozzle to its internal geometry and
developed a computer model for predictions of spray angle from six
commercial nozzles having the same hemispherical blind end dimensions. The
curve shown in Figure 38 was fitted using a least square curve fitting routine to
give the following expression:

a.

= 188.67-7.27"( + 1.19 X 10- 1"( 2 -7.99 X 10-4"( 3

(29)

Zhou et al. showed that for a given flow rate and nozzle input section
diameter, it is possible to generate a spray with spray angles ranging from 15 to
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120 degree by changing the half V-cut angle yon a hemispherical end from 60
to 11 degree respectively (Figure 38). However, the other geometrical factors
(Figure 39), the V-cut offset (b), the input section diameter (d;), the height of
the blind end (a,), and the surface shape (S) were not included in the model.

Relation of the spray angle of a conventional fan nozzle to its internal
geometry can be analytically explained by the new model. Figure 39 shows the
relation between the jet angle

e and the parameters of the internal geometry.

The V-cut angle yin an x-y coordinate is defined by

Yv

= (coty)x+b = fv(b,x,coty),

(30)

where Yv is the function of the V-cut line. The intersection, E(xE ,YE), of the V-cut
line and the internal surface S is determined by the function Ys.

(31)

Thus,

(32)

and the jet angle is determined by

(34)

or
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Figure 38. Predicted spray angle at different half V-cut angles (Zhou et
al., 1996).
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Figure 39. Relationship of the jet angle

e to the internal geometry.

Therefore, the jet angle 8 is a function of the height of the blind end (a,),
the input section diameter (d), the V-cut offset (b), and the half V-cut angle (y).
The relations of the spray velocities, the spray angles, and the thickness
angles to the jet angles are given in Equations 18, 26, 27, and 28. When the
geometrical parameters a,, di and b are given, the jet angle 8 decreases as the
half V-cut angle y increases (Figure 39) and the spray angle a decreases
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3.4 THEORETICAL DEVELOPMENT OF THE VARIABLE-FLOW FAN NOZZLE
3.4. 1 Flow Rate and Exit Flow Velocity

Applying the Bernoulli equation to points 1 and 2 in Figure 40:

(35)
The average exit velocity V2 is

(36)

Since V, 2 is very small in comparison to 2~p/p, Equation 36 becomes

(37)

where ~P = p, - p2 _ the line pressure, Cd. the discharge coefficient of the nozzle
exit orifice, is a coefficient that corrects for energy loss resulting from eddies
and friction through the exit orifice and is approximately 0.95 ± 0.02 and in
general varies from 0.60 to 0.80 for orifices with sharp edges (A.S.M.E Power
Test Codes, 1961 ). Cd varies with the density and viscosity of the fluid, the
speed characteristics of flow, and the orifice dimension and roughness. The
equation of flow rates is

(38)

where A2 is the exit area.
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Substituting the value of V 2 from Equation 37 into Equation 38, the flow rate Q
is found to be

(39)

Figure 40. Elliptical-orifice fan-spray nozzle.

When the liquid density p is given and the discharge coefficient is
assumed to be constant, the flow rate Q is a function of A2 , and Ap. For the
conventional fan nozzle, A2 is constant. Thus, Q is a function of Ap. For
example, a nozzle has a flow rate of 3.21 Umin at a pressure p=300 kPa, an
exit area~ of 2.11 mm2 , and a Cd of 0.98 (Zhou et al., 1996). The relation
between Q and Ap is plotted in Figure 41. As we can see, in order to double
the flow rate the line pressure must increase by four times. An increase in the
line pressure by four times results in a double increase in the exit velocity
because V2 =

1·

which is plotted in Figure 42.
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3.4.2 Flow Rate and Spray Angle
Equation 39 shows that the control of flow rate Q is related to the control
of the exit flow area A2 or the exit velocity V2 • A variation of the exit velocity,
which is the impact velocity V in the new model, results in a variation of the
spray angle a as predicted by the new model in Equation 26. An example of
variation of spray angle with respect to changing the exit velocity is plotted in
Figure 43.
Varying V2 results in a large variation in spray angle as shown in Figure
43. Thus, the flow rate control with a minimum variation in spray angles can be
performed by maintaining the exit velocity and controlling the exit flow area.
This is in close agreement to the characteristics of the standard flat fan
nozzles, which is given in Table 3.
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Figure 43. New-model-predicted variation of spray angle with respect to exit
velocity for 0=110 deg.
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Table 3. Specifications of standard flat fan nozzles at 276 kPa.

Flow rate (Umin)

Spray angle (deg)

*Input dia.(mm)

**Exit velocity (m/s)

0.757

80

1.487

23.570

80

1.915

23.386

1.135
.......................................................

1.514

••••••••• . . . • •• •••••••••••••••••••••••••••••••••••••••• . . . . . . . . . . . . . . . . . . . . . . . . . . . u

. . . . . . . . . . . . . . . . . . . . . . · · · · · - - · · · · · · · · · · · · · · · · · · · · · · · · . . •••••••••

2.142

80

23.498

··················································-+---······································· ··················································· ........................................................•..

1.892

80

2.344

23.580

2.271

80

2.545

23.570

3.028

80

2.948

23.600

* Input diameter is d; in Figure 39. **Exit velocities are computed from Equation
36.

For a conventional fan-spray nozzle with an orifice formed by the
intersection of a V groove with a hemispheric cavity, the variation of the flow
rate without changing the spray angle can be performed by varying the V-cut
offset band maintaining the half V-cut angle y (Figure 39). When b decreases
the exit flow area increases, and vice-versa. However, with the current
geometry of the conventional nozzle, on-the-go control of the V-cut offset b is
difficult, if not impossible to achieve.
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3.4.3 Exit Velocity and Mean Drop Diameter
As predicted by the new model in Equation 28, the mean drop diameter
D is a function of the jet angle

e and the impact velocity V, which is related to

the half V-cut angle y and the exit velocity V2 for the conventional fan nozzle.
With a fixed

e, the mean drop diameter D is a function of the impact velocity V

as plotted in Figure 44.
As shown in Figure 44, as the exit velocity increases, the mean drop
diameter decreases. With a fixed orifice, the flow rate increases as the exit
velocity increases (Equation 38), thus decreasing the mean drop diameter. This
is in agreement to the result of measurement of volume median diameters
(VMD) at various pressures, which are related to exit velocities by Equation 38,
from standard fan-spray nozzles (Figure 45).
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3.4.4 Exit Area and Mean Drop Diameter
From Equation 39, when the discharge coefficient Cd, and differential
pressure Ap are given, the flow rate Q is a function of the exit area A2 (Table 4)_
Increasing A2 leads to increasing Q and increasing the volume median diameter
(VMD) as shown by the data measured from the standard flat fan nozzle
(Figure 45) and as predicted by the new model in Equations 28 with example
predictions shown in Figure 46. An increase in the exit area A2 results in an
increase in the flow rate Q and the jet diameter variable 'A.. According to
Equations 20, 21 and 28, as 'A. increases, the impact pressure P and the energy
E decrease and the mean drop diameter D increases.
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Table 4. Exit areas and flow rates at 276 kPa from standard fan nozzles.
Flow rate (Umin)

Exit area (mm2)

0.757

0.532

1.135

0.809

······················································································································································································--

1.074

1.514

--·····---·············----······················ ..........................................................................................................

1.892

1.338

2.271

1.602

······················---------·····························································----····························

3.028
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3.4.5 Independent Control of Flow Rate and Droplet sizes
From Equation 38, the flow rate Q can be controlled by either controlling
the exit area A2 or the exit velocity V2 • However, any variations in A2 or V 2 alter
droplet size (Figures 44 and 46 ). Maintaining A2 and increasing V2 results in
an increase in droplet size, but maintaining V2 and increasing A2 results in a
decrease in droplet size. Thus, since droplet size is inversely related to exit
area and exit velocity, the flow rate Q can be controlled at a desired droplet
size by combining the control of the exit area A 2 and the exit velocity V2_ This is
seen in Figure 47 as an example of Equation 28 describing the mean drop
diameter D as a function of the jet diameter variable (A) which represents the
exit area and jet velocity V. As seen in Figure 47 at a constant mean drop
diameter D, there are three horizontal intersections with the three velocity
traces. These three intersections correspond with three ls are defined. Three
flow rates (Q) are defined by each combination of the jet diameter variable (1)
and jet velocity (V). Similarly, when several velocities are given, several flows
are defined. Thus, the flow rate Q can be controlled at a desired droplet sizes.

Consider a vertical line at a constant A (Figure 47). This line intersects
the three traces at three points which define three jet velocities. The projections
of the three intersections onto the axis of mean drop diameter yield three
different values of D. Similarly, when several velocities are given, several
diameters are defined. Thus, the mean diameter D can be controlled at a

desired flow rate.
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3.5 DESIGN OF THE VARIABLE-FLOW FAN NOZZLE

The design criteria for the variable-fan nozzle were as follows
1. The range in flow control was from 0.378 to 3.028 Umin
2. Minimal distortion of the spray angle as flow varied
3. Independent control of flow rate and droplet size
4. Device actuation from water pressure
5. Rapid dynamic response

3.5. 1 Solutions for Controlling Flow rates

Two different approaches to the solution are (1) use a flow rate controller
at each conventional fan-spray nozzle and (2) use a special variable orifice.
Solution (1) is not feasible because the pressures in the chamber B (Figure 48)
between the controller and the nozzle tip vary when the flow rates vary,
resulting in a variation in exit velocities (Equation 37). A variation in exit
velocities causes an increased change in droplet size and spray angle as in
Figures 43 and 44.

Figure 48. Flow through two orifices.
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The dependence of the pressure, p2 , in the chamber B on the flow rate Q
can be proven by applying Bernoulli's equation to the points before and after
position 1 and 2 (Equations 35 and 37) and the equation of continuity,
(40)

Solve Equation 40 for p2'

(41)

(42)

When P3 , A 4 and Cd4 are constant, p2 is a function of A2 , p 1, and Cc12
which is a function of A 2 • Varying A2 or p1 to change the flow rate Q causes a
variation in p2 • Thus the flow rate controller at each nozzle works like a
pressure regulator at each nozzle and the performance of the system with
individual flow rate controllers is similar to the conventional one with a common
pressure regulator.
Solution (2), the special variable orifice, is the potential method for
making variable-rate applications. The main functions of the variable orifice
include (1) metering the fluid and (2) forming a fan spray. The metering function
is performed by the combination of controlling the orifice area and the line
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pressure. The function of forming a fan spray is performed by the geometry of
the orifice. For the standard fan-spray nozzle, the half V-cut angle determines
the spray angle and the V-cut depth controls the flow rate. To change the flow
rate but not the spray angle is done by maintaining the V-cut angle and varying
the V-cut depth. This is difficult to achieve from the given geometry of the
conventional fan-spray nozzle.

According to the new atomization model developed herein, the jet angle,
which is the angle between the two impact jets, determines the spray angle.
Thus, a tapered plunger in a tapered sleeve is used to form the oblique jet
impact. The impact angles depend on the angle of the tapered end. The fan
spray is formed from the impact of the two jets; thus, the tapered end of the
plunger is split into two pieces for the fluid to flow through two side openings
between the two halves and impact each other at the exit (Figure 49). The two
halves are always in contact with the sleeve wall when the plunger moves.
Thus, the flow is divided into jets flowing out in the two side openings of the
split end. The opening between the two pieces is dependent on the position of
the plunger relative to the exit orifice. When the plunger end moves far from the
exit orifice, the opening increases and vice versa. The flow rate is controlled by
controlling the opening the two halves. Since the impact angle of the two jets is
constant when the flow rate varies, the spray angle is unchanged during the
control of the flow rate.
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Figure 49. Positions of the plunger relative to the exit orifice: (1) two halves of
plunger totally close and no liquid flows out (2) the plunger moves
downward separating the two halves that allow two liquid jets to flow out
through the two side openings and impact at the center opening.
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3.5.2 Design of Metering Mechanism
The present design provides a metering mechanism for controlling a
variable flow rate at a uniform spray angle. A plunger sliding in a sleeve has a
split, tapered end and a single axial outlet port through the sleeve. The taper
angle of the plunger end,

e determines the spray angle as the split divides the

outlet flow into two impinging jets flowing through two side openings of the split.
The opening width, e, of the split determines the exit area A2 and depends on
the position of the plunger relative to the outlet port, h, and on the taper angle
of the sleeve which is the same as that of the plunger, and the outlet port
diameter d. The relations among e,

e, A

2,

and d are described below:

Referring to the Figure 50, the exit area A2 at the position 2 is

2

I:
I

l

Figure 50. Definitions of various parameters of the plunger and sleeve
geometry.
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A=
2

1CXd 2

4

I

1CXd 2
---

(43)

4

where

d1

and

e

=d +e =d +2htan(0 /2),

= 2h tan(0 / 2)

(44)

Thus,

1C x (d + 2htan(0 / 2))2
A,=--------

-

4

1t xd 2

4

Ai =1C x hd tan(0 / 2) +1t x h 2 tan 2 (0 / 2).

or

(45)

The outlet port diameter, d, is determined by a designer-defined range of
the flow control and has a value at which the flow rate is maximum in that
range. When d and 0 are determined, A 2 is dependent on h. An example plot of
the dependence of the exit area ~ on the travel distance h with 0 =8degrees
and d=1.829 mm for the flow control range from Oto 3.028 Umin is given in
Figure 51.
As shown in Figure 51, the plunger needs to move a distance of 0.4 mm
to vary the exit area from O to 2.284 mm 2 , which corresponds to the range in
flow rate of O to 3.21 Umin for an exit velocity of 25.2
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Since the second term in Equation 45 is negligible for small movements,
the exit area~ is approximately equal to the first term which is of the first
order. Thus, A2 is nearly linearly proportional to the movement of the plunger,
A2 == (7t x d tan(0 I 2))h .

(46)

When 0 is determined, the sensitivity SA2of the change in A 2 to the change in h
is dependent on d,
S Ai

=7t x d x tan(0 / 2) .

(47)

The sensitivity SA2 is proportional to the outlet diameter d. SA2 increases
as d increases and a small change in h causes a large change in A

2•

Thus, d is

dependent on the range of control and should be the upper limit of the range in
order to easily control the movement of the plunger.
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3.5.3 Design of Actuation Mechanism
As discussed above, the independent control of flow rate and droplet
size is performed by a combination of independently controlling exit areas and
exit velocities. The exit areas is varied by controlling the position of the plunger
relative to the outlet port. The exit velocity is varied by controlling the line
pressures of the supply liquid.
Pressurized water is selected as a means to actuate the plunger. The
advantages of this method are (1) the plunger movements of individual nozzles
are controlled by a common pressure regulator, (2) the plunger movement
responds to the change in the control pressure quickly, (3) the performance of
each nozzle does not affect the others, (4) the control pressure is either
manually or automatically varied. Problems for this method are (1) the
physical separation between the line pressure and the control pressure within
the unit to achieve independent variation in exit area and line pressure, and (2)
rapid response of the plunger to the change in control pressure. Two solution
approaches are (1) use an o-ring seal to separate the line pressure from the
control pressure as in Figure 52, or (2) use a diaphragm to perform the
separation as in Figure 53.
Solution (1) is not feasible due to (1) the friction of the o-ring delays the
response of the plunger and (2) the o-ring friction at individual plungers is
different due to non-identical o-rings. The friction of the o-ring includes break-
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Figure 52. Use of o-rings to separate the line pressure from the control
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out and running components. According to the Parker O-ring handbook,
the break-out friction which develops in a system is 3 times the running friction
and o-ring friction changes over time, even when the o-ring is at rest.

Solution (2) is the adequate method for separating line pressures from
control pressures. The response of the plunger to the change in the control
pressure is faster than that of solution (1) because there is reduced delay time
since no o-ring friction response is involved.

Fluid hydraulic pressure is introduced into the control inlet to control the
system. Fluid pressure exerts on the diaphragm and causes the plunger to
slide longitudinally in the outlet port, and decreases the split opening. When the
control pressure is high enough to overcome the deflection of the two halves of
the split plunger end, the split is totally closed and no fluid flows out the outlet
port. A separate fluid source is introduced to the line inlet. The fluid pressure
exerts on the other side of the diaphragm and causes the plunger to slide
longitudinally away the outlet port, and increases the split opening. When no
pressure exerts on the diaphragm, the split is opened due to the spring action
of the two halves.
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The position of the plunger in the sleeve is controlled based on the
following force balance equations. Referring to the force diagram in Figure 54,
we have

-

-

-

-

Fc+FL+N'Y+Fd=O

(48)

where p

c

is the control pressure, p L the line pressure, Ad the diaphragm area,

AP the section area of the plunger end, and Fd is the elasticity force of the
diaphragm which is assumed negligible for a small deflection. N'y is a
component of the spring action force of the two halves split about the y-axis
(Figure 55).

Ad
Fs
Fe

Plunger

J;o.phro.gM

Ap

Figure 54. Diagram of forces acting on the plunger.
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Fs
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0/2

X

Figure 55. Diagram of forces acting on the plunger end.
The spring force F. acting on the sleeve has two components N and T.
In return, the sleeve acts on the plunger end under a force N' which is equal to
N. The component of N' on the y-axis is N' y which is computed as follows:
N'Y = N'sin(0 /2) = Nsin(0 /2)

N

= Fs cos(0 / 2)

Thus

N' Y = Fs cos(0 / 2) sin(0 / 2)

(49)

where the spring force F. is related to the split opening e (Figure 56).
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Figure 56. Relationship between spring force and slit opening e.

Referring to Figure 56, we have

(50)

where ks is the spring rate (N/m) and emax is the maximum opening of the split
with no force applied to the split end. The spring force Fs decreases as the
opening e increases and equals zero as e is equal to emax where there is no
force acting on the plunger end.
Substituting Fs from Equation 50 in Equation 49, we obtain

NY= ks (errw. - e)cos(8 / 2)sin(8 / 2)

(51)

Substituting e from Equation 44 and Equation 51 into Equation 48, we have
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Simplification and arrangement of Equation 52 gives the following equations:

(53)

Thus, the position of the plunger in the sleeve is a function of the control
pressure p c and line pressure p

L

Replacing h from Equation 53 into Equation 46, we obtain

(54)

Simplifying Equation 54 gives

A =
2

1t

xd [A (

k , sin
.

e

d

PL

Thus, when d, Ad. ks. and

_

Pc

)-

PL

A + k,emax xsin0]
2

p

e are given, the exit area A

2

pressure p c and the line pressure p L"
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(55)

is a function of the control

3.5.4 Independent Control of Flow Rate and Droplet Size through Control
of Line Pressure and Control Pressure
Note that the flow rate is a function of the exit area and line pressure.
Substituting Equation 54 in Equation 40, we have

(56)

where p L=P, - p2

When Cd, p, d, Ad, k., and Pc are given, the flow rate Q is a function of the
pressure line pl. For example, when Cd=0.80, p=1000 kg/m 3 , d=2.64x10-3 m,
Ad=248 mm2, A p=29 mm 2 , k.=20000 N/m, and Pc is set 276 kPa, the function Q
of the variable p Lis plotted in Figure 57.
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Figure 57. Dependence of flow rates on line pressures at the control pressure
of 276 kPa.
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As shown in Figure 57, the flow rate Q increases approximately linearly
with the supply pressure. When the supply pressure increases by 40 kPa, the
flow rate increases from Oto 3.4 Umin. When the control pressures are set at
138, 276, and 414 kPa, the dependence of the flow rates on the line pressures
is plotted in Figure 58.
From Figure 58, at a desired flow rate which is a horizontal line on the
plot, there are three corresponding line pressures which are the projections of
the three intersections of the horizontal line with three lines, which represent
the function Q at three control pressures, onto the line pressure axis. Similarly,
when several control pressures are set, there are several line pressures
corresponding to a desired flow rate. Thus, a desired flow rate is obtained at
different supply pressures. This means that a desired flow rate is obtained at
different droplet sizes because droplet size is dependent on the exit velocity
which is a function of line pressure.
The dependence of droplet size on line pressure is obtained by inserting
V of Equation 38 into Equation 29.

D

=

12[cr + spcd..fiip~Csin(8 / 2) /A]
2pCd..fiip~Csin(8 / 2)/ A+ cd..fiip~co{½ sin- 1(2kCd..fiip~ sin(8 / 2)/

where Ap is the line pressure p

L"

An example of Equation 57 is plotted in Figure 59.
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The combination of Figures 58 and 59 exemplifies the independent
control of flow rate and droplet size which is performed by regulating the line
pressure and control pressure. From Figure 58, several line pressures are
available at a desired flow rate, and from Figure 59 droplet size is selectable at
different line pressures. For example, from Figure 58, three line pressures of
110, 260, and 400 kPa at the flow rate of 1.6 Umin are available, and from
Figure 59, three mean drop diameters 610, 515, and 490 µmare selectable at
three line pressures.

3.5.5 Range of Flow Control

Turndown ratio of the flow rate defines the range of flow control.
Turndown ratio is the ratio of the maximum flow rate to the minimum flow rate.
The range of flow control is expanded by increasing the maximum flow rate or
decreasing the minimum flow rate. However, a decrease in the minimum flow
rate causes a decrease in the exit velocity and the spray angle. Thus,
increasing the maximum flow rate would be the solution to expand the range of
flow control.
The flow rate is related to the exit area A2 (Equation 38). Substituting the
split opening e from Equation 44 in Equation 43, we have

1txdxe+e 2

(58)

A2=---4--
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Substituting V2 from Equation 37 and A 2 from Equation 58 in Equation 38, we
obtain

(59)

When the diameter of the exit port d is given, the maximum flow rate Qmax is
dependent on the maximum supply pressure ilPmax and the maximum opening
emax. When ilPmax and emax are given, Qmax is dependent on d. When ilPmax = 552
kPa, emax=0.0007 m, and Cd=0.9 the dependence of Qmax on d is plotted in
Figure 60.

As shown in Figure 60, when the diameter of the exit port is doubled, the
maximum flow rate doubles.
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Figure 60. Dependence of maximum flow rate on the exit port diameter.
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Chapter 4

EXPERIMENTAL METHODS

4.1 METERING MECHANISM OPERATION TEST
4. 1. 1 Taper Angle

Taper angle 0 of the sleeve at every plunger position in the sleeve was
determined through the measurement of movement h of the plunger in the
sleeve and the corresponding opening clearance e (Equation 44). Movement h
and clearance e were measured with a dial indicator and a feller with a
resolution of 0.025 mm as shown in Figure 61. The position of the plunger was
adjusted with a screw acting on the back end of the plunger. Measurements of
hand e were made at every half tum of the screw.
4. 1.2 Discharge Coefficient and Exit Velocity

The discharge coefficient C d is determined based on Equation 40,

(59)
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where the exit area A2 depends on the position h of the plunger in the
sleeve as in Equation 46. Flow rate Q was measured at the corresponding
and a selected line pressure of 276 kPa. Thus, Cd was determined via
measurement of the flow rate and the position h. Exit velocity V2 for the
corresponding Cdis determined based on Equation 37.

/

Depth indico. tor

Screw

Figure 61. Test setup measuring plunger movement.
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4. 1.3 Spring Rate

Under the control pressure Pc, the plunger end acts on the sleeve with
force F which has a normal component N and a tangent component T (Figure
62). The sleeve acts back on the plunger end with a force N' which is equal to
N. The projection of the N' onto x-axis is the spring force F5 •
Fs

= N'cos(0 /2)

where
N'= N

= Fsin(0 /2)

F

= Pc X Ad

Fs

= ks(emax -e)

where e max is the maximum opening of the split. Thus,
ks (emax - e)
or

ks

= Pc x Ad x sin(0 / 2)cos(0 / 2)

= Pc Ad sin(B / 2) cos(0 / 2) / (emax -

e)

(60)

Substituting e in Equation 49 into Equation 60, we have
ks

= Pc Ad sin(B / 2) cos(0 / 2) / [emax -

2h tan(e / 2)]

(61)

where Pc and Ad are the control pressure and the area of the diaphragm,
respectively.

The spring rate ks is determined via the measurement of the control
pressure Pc and the depth h as in Figure 63. The depth h was recorded at an
incremental increase of 138 kPa in the control pressure.
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Plunger surfo.ce

y
Figure 62. Diagram of forces acting on the plunger end.

D,o.phr-Qgr,

Figure 63. Test setup measuring of spring rate of the plunger split end.
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4.2 ACTUATION MECHANISM OPERATION TEST
Performance of the actuation mechanism was tested based on Equation
56. Flow rate
flow rate

am.

a calculated from Equation 56 was compared to the measured
There are two unknown parameters, the control pressure p c and

the line pressure p L in Equation 56 as the spring rate k s and the discharge
coefficient C d' were obtained from the test of the metering mechanism. Thus,

a

was calculated when Pc and PL were measured. The line pressure pL was
maintained at 276 kPa and

am was measured at an incremental increase of

6895 Pa in the control pressure.

4.3

VARIABLE-FLOW FAN NOZZLE PERFORMANCE TEST

4.3. 1 Operation of The Variable-Flow Fan Nozzle

Figure 64 illustrates the variable-flow fan-spray nozzle in a generalized
form. A key component was the metering plunger assembly. The diaphragm
attached to the metering plunger was positioned by the control pressure (Port
A) which in tum positioned the opening of the metering plunger. Control
pressure operates against a spring force of the two halves of the split plunger
tip that returned the metering plunger to the fully opened position. Opening
clearance of the metering plunger had a unique design. Round plunger was
split and tapered. Angle of the taper controlled the spray angle. Two halves of
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Port B

Sleeve

Plunger

Figure 64. Variable-flow fan-spray nozzle sectional assembly.

the split end slide along the sleeve wall as the plunger moved, thus dividing the
flow into jets which impacted together at the exit port. Flow rate of the nozzle
was controlled by the adjustable opening clearance. Opening clearance was
adjusted by controlling the position of the plunger in the sleeve controlled by
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the differential pressure between the control pressure (Port A) and the line
pressure (Port B). Control pressure and line pressure had independent
pressure supplies. Combinations of control pressure, line pressure, and
selection of the taper angle of the plunger provided for variable flow rate and
drop size, and spray angle.

A pump supplied liquid to port B. With no or low pressure at port B, the
control pressure moved the tip of the plunger and blocked the exit orifice
completely, and no liquid flowed out the unit. As the line pressure increased,
the diaphragm started to expand. The plunger still sealed the exit orifice,
however, until the plunger began to move away from the narrow end of the
cone of the sleeve. At this point, liquid began to flow through the split opening
of the plunger tip. As the pressure increased further, the split opened wider and
flow increased. Thus, no liquid flowed until the pressure reached a
predetermined level.
Three prototypes with three taper angles of 50, 70, and 90 degrees were
tested for spray angle and the prototype with a taper angle of 90 degrees was
tested for flow rate range, droplet size, and spray distribution pattern. The
control and line pressures used for the prototypes ranged from 138 to 414 kPa
which produced drops with observed VMDs in the range from 100 and 800 µm.
Flow rates for current tested dimensions ranged from 0.189 to 3. 785 Umin and
was determined as a useable range for agricultural spray applications.
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4.3.2 Flow Control Range Test
The range of flow control (or tumdown ratio) was determined for each
prototype by measuring the maximum flow rate and the minimum flow rate at
which the spray angle considerably varied. The lowest flow rate was measured
by (1) setting the control pressure at 138 kPa, which produced the control
force large enough to overcome the spring force of the split halves, and (2)
decreasing line pressure from 138 kPa to the pressure at which the spray angle
reduced by 20 percent of that obtained from the flow rate of 1.514 Umin. The
highest flow rate is obtained by setting the control pressure at 552 kPa and
increasing the line pressure until no increase in flow rate was determined.

4.3.3 Droplet Size Spectra Test
As described earlier, the droplet size D is dependent on (1) the jet angle
which is the taper angle 8, (2) the flow rate Q which is dependent on the line
pressure pL, and (3) the exit velocity which depended on the control pressure
Pc· At a certain control pressure, the flow rate increased as the line pressure
increased because the line pressure forces overcome the control pressure
forces and forced the plunger to move away from the exit port. The exit area
and the flow rate increased as the plunger moved away from the exit port.
Thus, the dependent variable D was measured at each combination of the
three independent variables 8, Pc. and PL.' The control pressures were varied by
6895 Pa from 138 to 414 kPa. The pressure control are regulated by 138 kPa
from 138 to 483 kPa. The test setup is represented in Figure 65.
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Figure 65. Schematic diagram of the instrument for drop size measurement.
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Drop size was measured by a Malvern Model 2600 Particle Sizer. The
instrument operated on the principle of laser ensemble light scattering and was
a non imaging optical system. A 5 mW He-Ne laser (l = 632.8 nm) was used
as the light source. A spatial filter produced a collimated 18 mm-diameter
beam. The light beam passed through the spray and was scattered by drops
with scattered light focused by a Fourier transform lens onto a multi-level light
detector. An array of 31 semicircular coannular photodetectors captured
scattered light intensity as a function of scattering angle. The scattered energy
was not dependent on the position of the droplet nor the refractive index of the
liquid sprayed. The instrument provided a normalized volume distribution over a
range of size bands.

Flow rate was measured with a McMillan Model 102T Flo-Sensor and a
McMillan Model 220 Digital Rate Meter. The model 102T used a Pelton-type
turbine wheel to indicate flow rate. The rotation rate of the turbine wheel was
linear over a large dynamic range. The electro-optical system consisted of a
diode that emitted energy in the infra-red sprectrum. Light energy was reflected
and absorbed by a spoke on the small turbine wheel. Reflected light energy
was detected by a photo-diode. Thus, as the turbine wheel rotated in response
to fluid flow rate, electrical pulses were generated. The flow rate sensor was
capable of repeatable measurements from 200 mUmin to 5000 mUmin with an
accuracy of ±150 ml
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Control pressure and the line pressure were measured with TIF Model
9675 Digital Gages having a pressure range of 0 - 689500 Pa with an accuracy
of ±689 Pa.

Flow rate was adjusted with an increment of 0.3785 Umin by varying line
pressure at a selected control pressure. Spray output discharging downwards
was traversed several times (6-8) completely through the Malvern laser beam.
The detector was polled 10,000 sweeps per test run. Laser background
readiness was refreshed prior to each measurement for accurate results. An
800 mm lens was selected for measuring drop size in the range from 15.5 to
1530 µm. Two replications were performed for each measurement.

4.3.4 Spray Angle Test

The spray angle was determined by two methods. First, the exiting spray
angle ex was the angle between the two spray edges on the x-y plane depicted
in Figure 66. Second, the nominal spray angle cx0 was measured with a
pattemator. The difference between ex and cx was attributed to surface tension,
0

air entrainment, and gravity effects, all of which tended to contract the liquid
sheet t inwards. The exiting spray angle ex was used in the model studies and
the normal spray angle cx0 was only measured for comparison.
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H

Potterno.tor

X

Figure 66. Schematic diagram of measurement of the exiting spray angle ex and
the nominal spray angle cx0 •

The measurement of the exiting spray angle ex was performed prior to
traversing the spray output through the laser beam for measurement of droplet
size. The nominal spray angle cx0 was measured at the patternator with a 5 cmspaced corrugation at a nozzle height H set at 45 cm.

4.3.5 Spray Distribution Pattern Test

Many applications of agricultural nozzles require an even spray to
provide uniformity in application. Distortion of the observed pattern as the flow
was controlled limited the range of the flow rate control. The liquid distribution
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in a spray is characterized in terms of the density of the liquid jet, q, which is
defined as the ratio of the volumetric flow rate Q to the surface A perpendicular
to the axis of the nozzle:

Q

q=A

The nozzle pattern distribution was measured using a pattemator
(Figure 67). The table was designed so that spray run-off was measured using
graduated cylinders positioned every 5 cm along the spray width. The variableflow fan-spray nozzle was mounted 45 cm above the table top. A blue dye was
added to the water to enhance the visual contrast in the graduated cylinders for
ease of recording volume data.
Pressure ga.ge

1

r-s

Flo;,v ra.te
riei:er

cri

Pressure
regula. tor

Gra.olua. teol cylinoler

Figure 67. Test setup for measuring spray distribution pattern.
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Chapter 5

EXPERIMENTAL RESULTS

5.1

OPERATION OF THE METERING MECHANISM

The measured data of the movement h of the plunger, opening
clearance e, flow rate Q, and the calculated exit area~. discharge coefficient

Cd' and exit velocity V2 for the taper angle of 90 degrees and a line pressure of
276 kPa are summarized in the Table 5.
Table 5. The descriptive parameters of the metering mechanism.
h

e

a

mm

mm

Umin

0.03

0.062

0.249

0.227

0.647

15.2

---················.. ··············-......................................................................................................................................................................

0.06

0.13

0.498

0.486

0.692

16.26

0.09

0.18

0.764

0.833

0.792

18.61

0.12

0.24

0.995

1.136

0.81

19.03

0.15

0.3

1.244

1.514

0.863

20.28

···················································································--····················································································-·····································

0.18

0.36

1.493

1.893

0.21

0.42

1.742

2.271

1.991

______
2.65

2.239

3.028

·····················•····•··•••..···· ..........................................................................................

0.24
0.27

0.54
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0.899

21.13

0.925

21.73

..........................................................................

0.944

22.18

0.959

22.54

5. 1. 1 Taper Angle

The dependence of the split opening e on the plunger movement h
was quantified by least squares fit of a first order model to the observed data
and is shown in Figure 68. The final model was:

y = l.9789x+O.0045

(62)

The taper angle 0 of the sleeve was determined by the slope of the line
in Figure 62. Comparing Equation 45 to Equation 62

2 tan(0 / 2)

= 1.9789

thus,

or

0

= 2 tan-I (1.9789 / 2)

0

= 89.39 deg

The measured 0 was 0.61 degrees smaller than the designed one. This
difference may be due to fabrication error.

The dependence of the exit area A 2 on the plunger movement h is
plotted in Figure 69. The model describing the relationship between the exit
area and the plunger movement had the following form:

y

=8.274x + 0.005

(63)
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where the second term in Equation 63 had the physical meaning that the
diameter of the tapered end of the plunger was smaller than the diameter of the
exit port and the split opening was not totally closed as h=0. It was observed
that the exit areas of the VFFN are larger than that of the standard fan-spray
nozzle at similar flow rate and pressure ratings. For example, the exit area of
the VFFN for a flow rate of 3.028 Umin at line pressure of 276 kPa was 2.239
mm 2 which was compared to 2.138 mm 2 for the standard fan nozzle (Table 4).
Thus, the discharge coefficient of the VFFN was less than that of the standard
nozzle.

The dependence of the flow rate on the plunger movement is shown in
Figure 70. As indicated by the straight line in Figure 70, the flow rate is linearly
proportional to the plunger movement. The relationship was:

y

= ll.849x-0.2176

(64)

where the second term in Equation 64 was the flow rate of the nozzle with no
plunger movement (h=0). This negative sign showed that the diameter dp of
the tapered end of the plunger is larger than the diameter de of the exit port.
This number was positive when dp was smaller than de and zero when dp was
equal to de.
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5. 1.2 Discharge Coefficient and Discharge Velocity

The relationship between the discharge coefficient C d and the plunger
movement was plotted in Figure 71. The curve shown in Figure 71 was fitted
using a least square curve fitting routine to give

y

= 1.237 X0.1916

(65)

As shown in Figure 71, the discharge coefficient Cd increased as the
plunger movement h increased. Cd increased slightly after h=0.1 mm, resulting
in a reduced increase in exit velocity (Figure 72) and the spray angle after this
point.
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5. 1.3 Spring Rate

The spring rate of the split was calculated from the measurement of the
plunger movement h and the control pressure Pc, based on Equation 60. The
measured hand Pc are presented in Table 6. The relationship between hand

Pc was plotted in Figure 73. The line was fitted using a least square curve fitting
routine to give

y

=-4 X 10-

9

(66)

x+ 0.0006

The slope of the line in Figure 73 was used to calculate the spring rate.
Referring to Equation 60, we have

Ad sin(0 / 2) cos(0 / 2)

h =-

2ks tan(0 / 2)

a
Pc+ 2tan(0 / 2)

(67)

Comparing Equation 66 to 67,

sin(0 / 2) cos(0 / 2)
__,Ad
; ,; ,______
= 4 X 10-

9

2ks tan(0 / 2)
Ad sin(0 / 2) cos(0 / 2)

ks = 2 X 4 X 10-9 tan(0 / 2) = 15500 NI m'
where AP = 248x1 o-s m 2 and 0 = 90 degrees.
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(68)

Table 6. Measured data from the plunger movement and the control pressure.
Plunger movement, mm

Control pressure, kPa
142.9
• • • • • • • • • • • • • • • • • • • • • • • • • • • . . • • • • • • • • . . ••••■ oooooo

■ oooo ■■ ooon•••••

0.01
. . ••• ■•

■•••••••■ ooo ■ oooono ■■ ooo . . ooon ■ o ■■ ooooo

..

•••••••••••••H•••••••••••••••••••••••---••• .. • • • • • • • • • • • • - - - • o o U O o O O O O O O O o o U

0.03

139.8
---■ OOH

. . •••••••••••••HO--OOOoOHOoOOOOoH

■ oooooooooooooooooo ■ oono

0000 ■■••••••••••••••---••••• . . • • • • • • • . . . .• •

134.6

. . •••••••••••••••••••••••■■••••••••••••••••••••••••• . .

0.05

····················································································································---······················································································

0.07

128.2

0.09
123.5
····································--- ---······························---······················································································
118.7

0.11

······································································································································---·····················--

115.0

0.13

E
E 0.12

~
II

E

!:

0.08

0

E

...

II

g> 0.04

::I

ii:
0+----+-----,---....---+---1-----+-----l
135
140
145
110
115
120
125
130
Control pressure, kPa

Figure 73. Plunger movement as determined by control pressure.
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5.2 ACTUATION MECHANISM
Control pressures and the corresponding flow rate Q

m

at the line

pressure of 276 kPa and the computation of the flow rate Q from Equation 56
are shown in Table 7. For this design, the diaphragm area Ad, the plunger end
area A

P'

and the exit port diameter d were 248 mm2, 29 mm 2 , and 2.64 mm,

respectively. The spring rate of the two halves of the split end ks was 15500
N/m. Discharge coefficient Cd was determined from Table 5.
It was observed that the measured flow rate Qm was slightly larger than
the calculated flow rate Q and this difference increased as control pressure
increased. Some of these differences were attributed to the assumption of
dropping the second term in Equation 46.
Table 7. Difference between the measured and calculated flow rate.

Pc

a

kPa

Umin

276

279

0.246

0.229

0.017

276

271

1.638

1.611

0.027

276

263

3.291

3.221

0.070
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5.3 PERFORMANCE OF THE VARIABLE-FLOW FAN NOZZLE
5.3. 1 Flow Control Range

The minimum flow rate, at which the spray angle was decreased by 20°
as compared to the spray angle at the line pressure of 276 kPa and the flow
rate of 1.514 Umin, was 0.227 Umin. The maximum flow rate which was
measured at the line pressure of 552 kPa was 3.028 Umin. Steady state flow
rate from the nozzle ranged from 0.227 to 3.028 Umin, or a 13.4:1 turndown,
as the liquid line pressure varied from 138 to 552 kPa. This range of flow
control was designed for the exit port diameter d of 2.6 mm and was expected
to increase as d increased.

5.3.2 Droplet Size Spectra

Four descriptive parameters of the droplet size spectrum from each test
run were recorded. The descriptive parameters were: (1) the volume median
diameter (VMD), D-<>.s, defined as the droplet diameter such that 50 percent of
the spray volume is contained in droplets larger than the VMD and 50 percent
is contained in the droplets smaller that the VMD; (2) D-<>.1' the diameter
indicating that 10 percent of the spray volume is contained in droplets of a
smaller diameter, (3) D-<>_9 , the diameter indicating that 90 percent of the spray
volume is contained in droplets of a smaller diameter, and (4) a relative span
(RS)
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RS = (Dvo.s - Dvo_,)/□vo.s
characterizes the drop diameter span with respect to the median diameter.

The observed data of volume median diameter and nozzle flow rate are
shown in Figure 74. The data indicated that different VMDs were obtained at a
selected flow rate. The VMD was related to the flow rate at a given control
pressure, using regression analysis (SAS 1995). 90 percent of the VMD
differences could be explained by differences in flow rate. The regression linear
model was

y

= 33x+D

(69)

where y = VMD (µm), x = Nozzle flow rate (Umin), and D(µm) was related to
the control pressure pc (kPa) in a regression linear model (R2=0.96),

D = -l.38pc + 712

(70)

Equation 69 predicted that at a fixed control pressure, the VMD
increased by 91 µmas the flow rate increased from 0.227 to 3.028 Umin.
Equation 70 predicted that the VMD was smaller than 250 µm when the control
pressure was greater than 335 kPa.
Measured data of Dvo., and nozzle flow rate are plotted in Figure 75.
Data showed that different Dvo., values were obtainable at a selected flow rate.
A regression analysis was used to test if the flow rate at a control pressure
explained the differences in the Dvo.,· A linear relationship was found (P<0.5),
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with 92 percent of Dv0_ 1 differences explained by differences in the flow rate. The
regression linear model was

y=95x+E,

(71)

where y = Dv0_ 1(µm), x = nozzle flow rate (Umin), E (µm) was dependent on the
control pressure Pc (kPa) in a regression linear model (R2 = 0.93):
E = -0.48 pc + 256 .

(72)

Equation 71 predicted that at a fixed control pressure, the Dv0_ 1 increased by
26.5 µmas the flow rate increased from 0.227 to 3.028 Umin. Equation 72
predicted (1) the Dve_ 1 was smaller than 100 µm as the control pressure was
greater than 325 kPa, and (2) the Dv0_, decreased by 133 µmas the control
pressure increased from 138 to 414 kPa.
Measured data of Dv0_9 and flow rates are shown in Figure 76. The data
indicated that various Dv0_9 values were obtained at a desired flow. A simple
linear regression was run to test if the flow rate at a control pressure explained
the differences in the Dv0_9 • 92 percent of the Dv0.s differences were explained by
differences in the flow rate. The regression linear model was
(73)

y =935x+F

where y = Dv0_ 9 (µm), x = Nozzle flow rate (Umin), F(µm) was related to the
control pressure Pc (kPa) in a regression linear model:
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F

= -2.02pc + 1137

(74)

Equation 73 predicted that at a fixed control pressure, the Dv0.9
increased by 257 µmas the flow rate increased from 0.227 to 3.028 Umin.
Equation 74 predicted that the Dv0.9 was smaller than 500 µmas the control
pressure was greater than 315 kPa.
Observed data of the RS are recorded in Table 8. Data showed that the
RS at various flow rates were not significantly different (P>.05).

Table 8. Relative span factor at different control pressures and flow rates.

Relative Span

Control

pressure

RS

138 kPa

207 kPa

276 kPa

345 kPa

414 kPa

RS @ 0.227 Umin

1.32

1.26

1.35

1.81

1.83

---······································································································································································································

RS@ 0.416 Umin

1.36

1.49

1.53

1.68

1.72

·············--·················--······ .................................................................................................................................................................

RS @ 0.833 Umin

1.31

1.39

1.49

1.72

1.75

RS@ 1.136 Umin

1.33

1.34

1.47

1.52

1.65

RS@ 1.514 Umin

1.40

1.41

1.52

1.76

1.80

RS @ 1.893 Umin

1.56

1.57

1.66

1.67

1.69

RF @ 2.271 Umin

1.45

1.46

1.51

1.59

1.74

RF @ 2.650 Umin

1.24

1.56

1.57

1.59

1.62

RF @ 3.028 Umin

1.33

1.37

1.65

1.87

1.90

.........................

__________ ................................................................. •······•···......................................................................................
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5.3.3 Spray Angle
Spray angle data at the line pressure of 276 kPa and the flow rate of
1.541 Umin for the three nozzles with taper angles 0 of 50, 70, and 90 degrees
are shown in Table 9. Data indicated that (1) the initial spray angle ex is similar
to the taper angle 0 and (2) spray angle increased as the taper angle
increased. The relationship between the spray angle and the tapered angle
obtained from the observed data is similar to that predicted by the new model in
Equation 27. It was noted that the exiting spray angle ex was greater than the
corresponding nominal spray angle cx0 • The difference between ex and cx0 was
from 4 to 7 percent.

Observed data of the spray angle over the range of flow rates at the line
pressure of 276 kPa and the corresponding calculated exit velocities are
recorded in Table 10. Data showed that the spray angle ex increased with flow
rate and the exit velocity. Spray angle decreased by 28 percent as the exit
velocity decreased by 25 percent. The dependence of the observed spray
angle on the calculated exit velocity is plotted in Figure 77. The curve shown in
Figure 77 was fitted using a least square curve fitting routine. The form of the
model was

ex

=-0.2646¥2 2 + 14.232¥2 -885

(75)

The trend of the curve in Figure 77 is similar to that in Figure 43 which
was predicted by the new model.
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Table 9. Observed spray angle from three nozzles with taper angles 50, 70 and
90 degrees.
Spray angle, deg

0 = 50 deg

0 = 70 deg

0 = 90 deg

a

50

70

90

47

65

87

Table 10. Observed data of spray angles and flow rates and calculated exit
velocities for a nozzle with taper angle of 90 degrees.
Flow rate, Umin

Exit velocity, mis

Spray angle, degree

0.227

15.2

65

0.486

16.26

75

·······························································································································································-··················································----I
···········································································································································································································---1

0.833

18.62

85

1.136

19.03

88

·····························································································--································································

1.514

20.28

········••·········•····•······••···
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•• .. •••••••••••••••••••••u .. ••••••• .. • - - - • • • • • • • • • • • • • • • • • n • • • • • • • • • • • .. •••••••••••••••••••••••••••••••---1•••••••-•••••••••••••••••• .... • • • • • • • • • • • • • • • • - - -

1.893

21.13

92

2.271

21.73

95

2.65

22.18
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3.028

22.54
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5.3.4 Spray Distribution Pattern
After each pattern test run of the VFFN, the spray volume collected in all
cylinders was summed. The volume in each cylinder was then divided by the
total collection. The fraction of total nozzle flow in each cylinder was used to
investigate the spray distribution at the different flow rates.
Observed spray pattern data for the flow rate in the range from 0.227 to
3.028 at the line pressure of 276 kPa are graphically shown in Figure 78. The
spray distribution patterns remained symmetrical as flow rate was varied and
no skewing of the pattern was observed. The spray distributed almost
uniformly along the pattern width and tapered at the pattern edges. Pattern
width was affected by the flow rate. At the nozzle height of 45 cm, the pattern
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width decreased from 110 cm to 70 cm as the flow rate varied from 3.02 to
0.227 Umin.

Distance from nozzle center, cm
~0.227 Umin -B-0.833 Umin -+-1.514 Umin .....,_2.271 Umin ....-3.028 Umin

Figure 78. Spray distribution pattern for various flow rates at line pressure of
276 kPa.

5.3.5 Independent Control of Flow Rates and Droplet Sizes
Measured data of the flow rates and the line pressures are shown in
Figure 79. A regression analysis was used to test if the line pressures
explained differences in the flow rates at a control pressure. A linear
relationship was found (P<0.05), with 99 percent of flow rate differences
explained by the line pressures. The regression lines for the different control
pressures had the same slope of 0.02 but different intercept B:

(76)

y = 0.02x- B
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The flow rate at a control pressure increased from 0.227 to 3.028 Umin
when the line pressure increased by 140 kPa. The trend of the line describing
Equation 76 (Figure 79) was similar to that (Figure 54) describing Equation 56.

Observed data of the volume median diameters and the line pressures
are shown in Figure 80. The data showed that the VMD at a flow rate
decreased as the line pressure increased. The decrease in the VMD for the
low flow rate was larger than that for the high flow rate. The different flow rates
with the same VMD were obtained through controlling the line pressures.

Relationships between the VMD(µm) and the line pressures(kPa) for
different flow rates had the same form of the least-square-fit model with
99percent of the VMD difference explained by the line pressure:

y=Ax""

(77)

where A ranged from 9600 to 120000 and n from 0.6700 to 0.9961 for
the flow rate range from 0.227 to 3.028 Umin.

The trend of the curve (Figure 80) describing Equation 77 is similar to
that (Figure 59) describing Equation 57.
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Independent control of flow rates and droplet sizes were obtained by a
combination of varying control pressure and line pressure. The control
pressures and line pressures for a desired flow rate and a desired VMD was
determined by Equations 76 and 77. For example, in Figure 80, a desired flow
rate and VMD defined the line pressure and the desired flow rate defined the
control pressure in Figure 79.
Different VMD were obtained at a desired flow rate. In Figure 79, the
desired flow rate and different control pressures defined different line
pressures. These different line pressures and the desired flow rate in Figure 80
defined different VMDs.

Different flow rates were obtained at a desired VMD. In Figure 80, the
desired VMD and the different flow rates defined different line pressures. These
different line pressures and the different flow rates in Figure 79 defined the
different control pressures.
There were four parameters in the system defined through Equation 76
and 77. The parameters were (1) the flow rate, y, in Equation 76, (2) the VMD,
yin Equation 77, (3) the line pressure, x in Equation 76 and 77, and (4) the
control pressure which was defined by B in Equation 76, and A and n in
Equation 77. When two of the four parameters were given, the other two were
determined.
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Chapter 6

PHASE-PARTITION CHEMICAL DRIFT ASSESSMENT OF VARIABLE-FLOW
CONTROLLED APPLICATION

6.1

DEVELOPMENT OF PHASE-PARffllON AIR SAMPLING TECHNOLOGY

The behavior of droplets close to the nozzles is affected by the
entrainment of air into the spray due to wind and spray vehicle movement.
These aerodynamic forces influence droplet trajectories and result in off-target
spray drift. Spray drift from agricultural flat fan nozzle was predicted by several
authors including Thompson and Ley (1983), Hahsem and Parkin (1991),
Reichard et al. (1992b) and Smith and Miller (1994). Zhu et al. (1994) used a
computational fluid dynamics computer program (FLUENT) to determine the
effects of several variables on spray drift. The variables included (1) droplet
size, (2) initial droplet velocity, (3) droplet discharge height, (4) wind velocity,
(5) ambient temperature, (6) ambient relative humidity, and (7) air turbulence
intensity. They noted that water droplets 50 µm diameter and smaller
completely evaporated before reaching 0.5 m below the discharge point
regardless of initial velocity, for relative humidity 60 percent and less.
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Sampling the droplets 50 µm and larger separately from the remainder
of the spray was a technique developed in this dissertation to assess the spray
generated from the VFFN. An inertial impaction principle was used as a basis
for phase-partitioned air sampling technique.

6. 1. 1 Principles of Inertial Impaction

Consider an aerosol jet directed against a flat plate as in Figure 81. A
drop in the aerosol jet will follow the fluid for some distances. As the jet
approaches the plate, the fluid velocity changes as the jet begins to spread, yet
the aerosol particles follow a different trajectory defined by the equation of
motion. Whether or not the aerosol particle trajectory actually reaches the
surface of the plate depends on (1) the nearness of its starting point relative to
the longitudinal axis of flow, (2) the nature of the aerodynamic streamline along
which the particles passes, (3) droplet mass, and (4) the exact configuration of
the flow system.

-1
AEROSOL

JET

I

--'--------,,
'

'

·2

Figure 81. Impaction of aerosol drops. Streamline-----; drop trajectory_ (Ranz
and wong, 1952)
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The efficiency of impaction is defined as the ratio of the cross-sectional
area of the original aerosol jet from which particles of a given size are removed
because their trajectories intersect the surface of the plate, to the total crosssectional area of the jet {Ranz and Wong, 1952). All drops that strike the plate
are assumed to adhere to its surface, and no drop is assumed to touch the
surface unless the trajectory of its center is tangent to or intersects the surface.

A complete solution of the theoretical equations cannot be obtained, but
a consideration of the functional form of the solution shows that the efficiency
of impaction, Tl, is a function of a dimensionless inertial parameter, 'I', derived
from Stoke's law,

(78)

where

Cc =

empirical correction factor for the resistance fluids oppose to
the movement of small drops, dimensionless. For air at normal
room temperature and pressures Cc = 1 + 0.16 x 10 -4/Dd

Pd =

density of aerosol drop, kg/m 3

Vo =

velocity of aerosol jet, mis

Dd = effective diameter of aerosol drop, m
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µ=

viscosity of air, kg/m sec

De=

diameter of round jet or W= width of rectangular jet, m

The inertial parameter has a physical meaning and is interpreted as the
ratio of the stopping distance, i.e., the distance a particle will penetrate into
still air when given an initial velocity of V0, to the diameter or width of the
aerosol jet.

The relationship between Tl and 'I' computed by Ranz and Wong (1952)
is described in the following equation :
(79)
where

S2

= -(1/ 4'¥)-.J(l / 4'¥) 2 + (l / 2'¥)

In general, the model is defined in such a way that velocities in the
region near the stagnation point are linear functions of position with a value of
zero at the stagnation point. Ranz and Wong (1952) noted that the curve
describing Equation 79 in Figure 82 had the same qualitative shape as the
experimental curves in Figure 83.
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aerosol jets impinging against flat plates (Ranz and Wong, 1952).

135

When an aerosol with drops of uniform density but of varying size is
passed through an impactor, the portion of drops with a given drop size
impacts completely, partially, or not at all in accord with the relationship
between Tl and 'I'. Based on Figure 76, Ranz and Wong (1952) noted that Tl

= 0 for fi < 0.57 and Tl = 1 for fi > 0.57, where the effective diameter at which
the impactor cut the size distribution sharply into two distinct ranges of size
was given by

fi

for Tl = 0.5.

6. 1.2 Design of A Phase-Partition Air Sampler

An impactor used in conjunction with a high-volume-PUF air sampler
was selected as a solution for the phase-partitioning air sampling problem. The
phase-partition air sampler {PPAS) consists of (1) an impactor to remove
coarse drops (Dd>50 µm) from the air sample, (2) a filter to collect fine drops
and vapors, and (3) a PUF to collect vapors pulled through the filter (Figure
84). The impactor is designed to separate the spray into two size classes at the
drop size of 50 µm. This cut diameter is chosen to be the drop size at the
for an impaction of 50 percent (ri=0.5). This characteristic

fi

fi

is shown in

Figure 85, which accounted for the effect of jet spacing, and corrected by the
factor which accounts for a non-stokes-law behavior.

The plate spacing ratio was unity (Ns = 1), where the ratio is defined as
the jet width to the distance from the throat to the impact plate. In order to
increase the sampling rate but still obtain the sampling velocity of around 4
136

mis, the rectangular jet is used. The jet width was 12.5 mm and the length of
the cross-sectional jet area was 75 mm for the sampling velocity of 4 mis. The
impact plate was covered with glass-fiber filter paper to absorb the impinged
drops. It was hypothesized that no vapor evaporated from the covered impact
plate because the impact plate was an area of stagnant air. The entrance was
formed by two sections of 4-inch o. d. tubing to prevent the deposit of sampled
drops on the entrance wall.

AIR OUT

AIR I N -

Cl!:

D

,-..
D

::E

Figure 84. Sectional phase-patitioning air sampler assembly; A = inlet nozzle,
B = Impact plate, C =Filter, and D =PUF.

137

o

O.B-,..--------------------7
•
TMory

~~

0 E.periment

~

.,,..- - -

!!:! 0.6
),

-

-

---~

Theomocol .._
~
N~.2:5..L~•oo

~- ~- ___.--o-- N

0.5

1"

~

§.
zo

.

-------02

2

i 0.
e

0

;;
"

"-

:: O· 2

vi

N1

~

0.2

06

0.4

OB

•

I

Fraehan Impacted

2

"

6

8

Jet Spacln11 Rollo, N, • S/W

Figure 85. Characteristic size paramters; No = ..fp, Ns = S/W = spacing of jet /
jet width.

6. 2.

EXPERIMENTAL METHODS

6.2.1 Verification of The PPAS Phase Partition

The phase partition of a PPAS was verified through a test of vapor
collection of the PPAS impactor. The experimental setup was shown in Figure
86. Vapors of malathion evaporated from 15 small polyurethane foams which
were saturated with 50 ml of 10,000 ppm malathion in water solution. The
PPAS operated at a mean air volume rate of 0.112 m 3/min. The test duration
was 60 minutes. The malathion residues extracted from (1) the impactor, (2)
the filter, and (3) the PUF were quantified with a gas chromatography (GC)
unit.

138

MO.lo. th ion-so. -turo. ted

Air
so.r"lpler

PUF

_ _ o.ir in
'-T.-----==--~~~~~t2_~~~__J

115

MM

I. D. tubing

Figure 86. Diagram of equipment for vapor collection test

6.2.2 Test Drift Sampling of the PPAS

An over-all view of the test setup is shown in Figure 87. The tunnel had
a throat 1 m deep, 3 m long, and 0.7 m wide. The VFFN was mounted 0.65 m
above the tunnel floor and 0.85 m downwind from the fan. An size-partition air
sampler (PPAS) was mounted at the tunnel outlet, 0.70 m above the tunnel
floor and 1.50 m downwind from the VFFN. The PPAS had a plate covered with
a Staplex model TFA2133 glassfiber filter paper and a Staplex model TFA2133
(102 mm diameter) glassfiber filter in series with a Graseby polyurethane foam
plug (60 mm diameter and 100 mm long) located downstream from the filter. A
20-inch box fan was used to blow air through the tunnel. Its axis was mounted
0.65 m above the floor. Velocity in the tunnel was controlled by varying the fan
speeds. The flow meter and pressure gages for the previous experiments in
Chapter 4 was used for this test.
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Figure 87. Diagram of equipment for drift test.

A completely randomized design was used to study spray drift.
Treatments were (1) VFFN9002, (2) VFFN9004, (3) VFFN9006, (4) STD8002,
(5) STD8004, and (6) STD8006, where VFFN9002 is the variable-flow fan
nozzle with the 90 degrees taper angle and the flow rate of 0. 757 Umin (0.2
gpm) at the line pressure of 276 kPa (40 psi), and STD8002 is the standard flat
fan nozzle with an 80 degrees spray angle and the flow rate of 0.757 Umin at
the line pressure of 276 kPa.
Nozzle pressure during drift test was 207 kPa. Wind velocity was 3.5

mis. The PPAS operated at a mean air volume rate of 0.112 m3/min. Malathion
application rate was 1 g/min. Spray application time for each test was 40
minutes. The sampling period start coincided with the start of the spray
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application and had a duration of 40 minutes. There was a stabilization period
of 30 minutes between the two tests to prevent cross contamination.

6.2.3 Sample Analysis

All samples of malathion residue were placed in individual plastic
sample bags and stored in a refrigerator immediately after sampling. Malathion
residues form glassfiber filters and polyurethane foams (PUF) were extracted
using a Soxhlet extractor at 5 cycle/h for 1 h. Malathion residues were
extracted twice with 200 ml of hexane and 5 percent diethyl ether. Extracts
were combined and evaporated until dry with a flow of dry nitrogen. The
malathion residue was redissolved in 5 ml of hexane for gas chromatography
(GC) analysis. Each sample was corrected for residue recovery inefficiencies
based on spike-recovery tests of each sample media. Recoveries for glassfiber
filters, and PUF were 75 percent and 93 percent, respectively.

Analysis was done on a GC (Model 5890, Hewlett-Packard, Wilimington,
DE) equipped with an electron capture detector. The column was 30 m long by
0.32 mm inside diameter, with a phase composition of 5 percent phenyl methy
polysiloxane and a film thickness of 0.26 µm. The carrier (helium) rate was 3
mUmin. Column temperature was 300 degrees C, and the retention time of
malathion was 3.6 min. Detection limit of malathion with these methods and
equipment was 50 ppb.
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Analysis of variance was performed (SAS, 1995) on the residue data,
and least square means were computed to compare the drift collections of 6
treatments.

6.3.

EXPERIMENTAL RESULTS

6.3.1 Verification of The PPAS Phase Partition

Vapor collection efficiency of the PPAS impactor was determined by
comparing the amount of material collected from the impactor and that
collected from the glassfiber filter and the PUF. Collections from the impactor,
filter, and PUF are presented in Table 11. There was no vapor collected by the
impactor. The total collection mean of the glassfiber filter and the PUF was
20.77 µm.

Table 11. Vapor collections from the impactor, filter, and PUF.
Mean collections from the impactor (µg/m 3)

0

Mean collections from the filter (µg/m 3)

6.80

Mean collections from the PUF (µg/m 3)

13.97

Vapor collection efficiency of the impactor (percent)
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0

6.3.2 Drift Sampling of PPAS

Spray drift from a spray collected by the PPAS was assessed through
the ratio (Rso) of the mass of malathion collected from the impactor to the total
mass of malathion collected from the filter and the PUF. The Rso of VFFN9002,
VFFN9004, VFFN9006, STD8002, STD8004, and STD8006 are presented in
Table 12. The R50 of the VFFN was higher (P<0.001) than that of the standard
fan nozzle at the same flow rate. This meant that under conditions with a wind
speed of 3.5 mis, the VFFN generated drops with size of 50 µm and larger
more than the standard fan nozzle. The R50 for both the VFFN and the
standard fan nozzle tended to increase as the flow rate increased. The Rso
increased significantly as the flow rate increased from 0.655 to 1.312 Umin, for
both the VFFN and the standard fan nozzle.

Table 12. Percentage of drops of 50 µm and larger from the VFFN and
standard fan spray.
Nozzle types

Rso (percent)

VFFN9002

84.4

·····························································································································································································--····················

VFFN9004

91.2

VFFN9006

98.1

STD8002

49.2

STD8004

85.7

STD8006

88.3
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Chapter 7

DISCUSSION AND CONCLUSIONS

7 .1

DISCUSSION

7.1.1 Metering Mechanism and Range of Flow Control
The metering mechanism accurately metered the fluid from 0.227 to
3.02 Umin for the current nozzle dimension. If the diameter of the plunger tip
and the exit port of the sleeve was accurately fabricated, the exit of the variable
orifice would be totally closed and no liquid flows until the line pressure reached
a predetermined level. Thus, this mechanism would work like a check valve to
make all the nozzles of a system start spraying at the same time. Increase in
the maximum flow rate would expand the range of flow control. Maximum flow
rate would double as the exit port doubled. However, the increase in the exit
port size would affect the atomization because the impact point of the two jets
from the large exit port would be farther from the exit port than that from the
small exit port and the impact velocity (exit velocity) would be smaller.
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7. 1.2 Actuation Mechanism
The actuation mechanism worked properly in the line pressure from 7 to
414 kPa. Minimum line pressure

Pmin

could be lowered by changing the spring

rate ks of the plunger split. Minimum line pressure

Pmin

increased with k s· The

maximum flow rate was dependent on the strength of the diaphragm. The
maximum line pressure can reach 689 kPa for the rubber diaphragm.

The fluid was metered by the position of the plunger in sleeve, which
was controlled by the line pressure and control pressure. At a fixed control
pressure, the flow rate increased from 0.224 to 3.024 Umin as the line
pressure increased by 140 kPa. Due to the approximately linear rise of flow
with line pressure, the increment of the flow rate was proportional to the
increment of the line pressure.

7. 1.3 Droplet Size Spectra
An increase in nozzle flow rates at a given control pressure resulted in
an overall increase in size of spray droplets. The Dv0_9 was more sensitive to
the flow rate than either the Dvo.s or D v0. 1 • At a fixed control pressure, the Dvo_9
increased by 257 µm, Dvo.s by 91 µm, and Dv0_ 1 by 26.5 µm as the flow rate
increased from 0.227 to 3.028 Umin. For example, at the control pressure of
276 kPa, the Dvo_ 9 would be in the range from 580 to 837 µm, Dvo.s from 330 to
412 µm, and Dvo_ 1 from 125 to 151.5 µmas the flow rate increased from 0.227
to 3.028 Umin. Thus, the Dvo_9 , Dvo.s• and Dv0_ 1 produced by the VFFN, at the
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control pressure of 276 kPa, were similar to those produced by the standard
fan-spray nozzles operating at the line pressure of 276 kPa.

7. 1.4 Spray Angle
Reduction of nozzle flow rate through reduction of exit area resulted in a
decreased spray angle. The spray angle was considerably reduced when the
flow rate was lower than 0.227 Umin. The reason for this reduction in spray
angle was that at a fixed control pressure the exit velocity decreased as the
flow rate and the exit area decreased. The spray angle was maintained over
the range of flow rates by increasing the control pressure at low flow rates.

The spray angle for a nozzle varied with the taper angle of the sleeve.
For the current prototype, the spray angle and the taper angle were similar.
However, for the taper angle smaller than 50 degrees, the impact area of the
two jets gets far from the exit port and the spray angle could differ.

7.1.5 Spray Distribution Pattern

Spray distribution patterns remained symmetrical as flow rate was varied
and little skewing of the pattern was observed. The pattern was of the same
shape for different flow rates. The spray distributed evenly across the pattern
width. The nearly even spray pattern produced by the VFFN results from the
impact of the two separate jets as compared to the bell-shaped pattern
produced by standard fan nozzles, which is generated from the impact of two
jets not completely separated.
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7.2

CONCLUSIONS

7.2.1 The New Model on Fan Atomization

A new model on fan atomization based on the geometric wave theory for
compressible liquid impact model (Lesser, 1982) was developed. Fan
atomization, spray angle, spray thickness, spray velocity, and spray droplet
size were analytically explained by the new model.

The new model explained that the fan atomization from the impact of the
two oblique jets was the continuous generation of jetting due to the
compressing of liquid.

The new model predicted that as the angle between two oblique jets
increased, spray angle increased, spray thickness decreased, spray velocity
decreased, and droplet size decreased.

The experimental results confirmed that the spray angle increased when
the angle between the two oblique jets increased.
The new model was different from the current models which were based
on the incompressible liquid impact theory. The current models explained that
fan atomization was the disintegration of spray sheets into drops by wave
formation. Spray angle, spray thickness, spray velocity, and spray droplet size
were not analytically explained by the current models.
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The new model explained that spray angle, spray thickness, spray
velocity and droplet size were the functions of the shock velocity which was
dependent on the liquid properties. However, the influences of liquid viscosity
and liquid surface tension on fan atomization were not clearly explained by the
new model.

7.2.2 The Variable-Flow Fan Nozzle
A variable-flow fan nozzle (VFFN) using the control pressure and line
pressure to achieve independent flow rate and droplet size spectral control was
designed and tested. Specific conclusions were as follows:
1. For current dimensions, a 13.3:1 flow turndown range corresponding to
0.227 to 3.028 Umin, at a fixed control pressure, was achieved by the
VFFN. Additional flow range was available depending on the dimension of
the exit port of the sleeve.
2. The volume median diameter (Dv0.s ) produced by the VFFN , at a fixed
control pressure, increased by 91 µmas the flow rate increased from 0.227
to 3.028 Umin.

3. The Dv0.s of a flow rate was controlled from 141 to 522 µm by controlling
the control pressure from 414 to 138 kPa.
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4. The Dv0., produced by the VFFN, at a fixed control pressure, increased by
26.5 µm as the flow rate increased from 0.227 to 3.028 Umin.

5. The D v0., of a flow rate can be controlled from 58 to 190 µm by controlling
the control pressure from 414 to 138 kPa.
6. The Dv0_ 9 produced by the VFFN, at a fixed control pressure, increased by
257 µmas the flow rate increased from 0.227 to 3.028 Umin.

7. The Dv0_9 of a flow rate was controlled from 300 to 850 µm by controlling the
control pressure from 414 to 138 kPa.
8. The Dv0_9 , D v0.s, and D v0., produced by the VFFN, at the control pressure of
276 kPa, were similar to those produced by the standard fan spray nozzles
operating at the line pressure of 276 kPa.
9. The spray angle of a VFFN, at the line pressure of 276 kPa and the flow
rate of 1.514 Umin, was similar to the taper angle of the nozzle sleeve.
10. The spray angle of a VFFN with the taper angle of 90 degrees at the line
pressure of 276 kPa, decreased from 100to 65degrees as the flow rate
decreased from 3.028 to 0.227 Umin.
11 . Spray distribution patterns were not affected by the flow rates higher than
0.227 Umin. The spray distributed evenly across the pattern width. The
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pattern width decreased by 36 percent as the flow rate decreased from
0.227 to 3.028 L/min.
12. The independent control of flow rates and droplet sizes was achieved by a
combination of controlling control pressures and line pressures.

13. The design and development of the VFFN was experimentally confirmed.
The new design achieved the variable flow capability with a simple, rugged
unit that was easily incorporated into existing practice and easily added to
current sprayers. The degree of automation of the flow control was
selectable through the use of the "control pressure" concept.

7. 2.3 The Phase-Partition Air Sampler
A phase-partition air sampler (PPAS) using the inertial impaction
principle was designed and used for assessment of drift from the VFFN and the
standard fan nozzle. Sampling the droplets of 50 µm and larger separately from
the remainder of the spray is a new technique developed in this dissertation to
assess the spray generated from the VFFN. The inertial impaction principle
was used for phase-partition air sampling technique. Specific conclusions were
as follows:

1. The PPAS impactor did not collect vapor.
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2. The PPAS impactor could collect drops of 50 µm and larger separately from
the remainder of a spray. The PPAS glassfiber filter and PUF could collect
the drops smaller than 50 µm and vapors from a spray.

3. The PPAS impactor could collect 50 percent of 50-µm drops and 100
percent of 100-µm drops from a spray.

4. Comparing the ratios of malathion residues collected on the impactor to
those on the filter and PUF from the VFFN and the standard fan nozzle
showed that under conditions with a wind speed of 3.5 mis, the VFFN
generated drops with size of 50 µm and larger more than the standard fan
nozzle (P<0.001 ). Thus, drift from the VFFN spray could be less than that
from the standard fan nozzle at the same flow rate and line pressure of 207
kPa.
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